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Referat:
The present work covers the fabrication and optical investigation of semiconductor mi-
crocavities for Bose–Einstein condensation (BEC) of exciton-polaritons. These microcavit-
ies consist of highly reflective distributed Bragg reflectors (DBR) surrounding a ZnO-cavity
as active medium.
In the first step, the growth of DBRs was optimised with respect to exact thickness
control and high reproducibility. For the active material, several growth strategies have
been pursued, in order to optimise the conditions for the growth of planar thin films by
pulsed laser deposition. Techniques like annealing or ion beam smoothing were successfuly
applied in order to either improve the electronic properties or decrease the roughness of
the ZnO-cavity layer. Furthermmore, a successful technology was developed in order to
coat highly-crstalline free-standing ZnO nanowires with concentrical DBR shells.
All samples have been investigated regarding their roughness and crystallinity as well as
their optical properties. For the latter spatially and/or angular-resolved photoluminescence
spectroscopy and reflection measurements have been carried out. Thereby, the strong
coupling regime – being prerequisite for BEC – could be demonstrated in almost all of
the synthesized structures. For the nanowire-based microcavities hints for an enhanced
coupling strength have been found.
In one of the planar samples, showing the high quality factor of 1000, the formation
of BEC almost up to room temperature was observed and was studied as a function of
temperature and detuning. Negative detuning was found to be mandatory for the formation
of a BEC in ZnO-based microcavities. The distinct momentum- respective in-plane wave-
vector distribution of the condensate polaritons revealed a strong dynamic character of
these particles at low temperatures.
III
Bibliographische Beschreibung
Franke, Helena (geb. Hilmer):
„PLD-grown ZnO-based Microcavities
for Bose–Einstein Condensation of Exciton-Polaritons“
Universität Leipzig, Dissertation
148 (+ X) Seiten, 83 Abbildungen, 11 Tabellen, 152 Literaturverweise
Referat:
Die vorliegende Arbeit behandelt die Herstellung und optische Untersuchung von Halb-
leiterheterostrukturen, genauer Mikrokavitäten, in denen ein Bose–Einstein Kondensat
(BEK) von sogenannten Exziton-Polaritonen im Festkörper erzeugt und beobachtet werden
soll. Diese Strukturen bestehen aus zwei hochreflektierenden Braggspiegeln (BS) und einer
ZnO-Kavität als aktivem Material.
Zunächst wurde die Abscheidung der BS hinsichtlich genauer Schichtdickenkontrolle
und Reproduzierbarkeit verbessert. Um Kavitätsschichten hinreichender Qualität herzu-
stellen, wurden mehrere Ansätze zur Optimierung dieser planaren Schichtabscheidung
mittels gepulster Laserdeposition verfolgt. Dabei kamen Techniken, wie das Ausheizen der
Proben oder deren Glättung durch Ionenstrahlbeschuß zum Einsatz, um die elektronischen
Eigenschaften bzw. die Oberflächen der Kavitätsschichten erheblich zu verbessern. Des-
weiteren wurde erfolgreich ein Verfahren entwickelt, freistehende, nahezu einkristalline
ZnO-Nanodrähte mit Braggspiegeln zu ummanteln.
Alle hergestellten Strukturen wurden in ihren strukturellen Eigenschaften, speziell
hinsichtlich ihrer Rauhigkeit und Kristallinität, verglichen und mittels orts- und/oder winkel-
aufgelöster Photolumineszenzspektroskopie sowie Reflexionsmessungen bezüglich ihrer
optischen Eigenschaften untersucht. Dabei konnte in fast allen Proben die starke Kopplung,
welche die Grundlage für ein BEK darstellt, gezeigt werden. Hinweise für eine höhere
Kopplungsstärke in den Nanodraht-basierten Mikrokavitäten wurden gefunden.
Der Nachweis von BEK bis nahe Raumtemperatur gelang an der vielversprechendsten
planaren Probe, die einen Qualitätsfaktor von ca. 1000 aufweist. Die Eigenschaften des
BEK wurden für verschiedene Temperaturen und Detunings untersucht. Es hat sich gezeigt,
daß ein negatives Detuning unerläßlich für die Bildung eines BEK in ZnO-basierten Mikro-
kavitäten ist. Die Impulsraumverteilung der Kondensat-Polaritonen läßt auf ausgeprägte
dynamische Eigenschaften dieser Teilchen bei tiefen Temperaturen schließen.
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Introduction
Semiconductor microcavities (MC) are fascinating structures which allow the investigation
of light–matter interaction in a fundamental way and constitute basic building blocks for
new optical applications. The underlying physics is divided into two interaction regimes
of the electronic and photonic systems, namely the weak and the strong coupling regime
(WCR and SCR, respectively). While the WCR is used in applications like resonant cavity
light-emitting diodes (RC-LED) or vertical-cavity surface-emitting lasers (VCSEL), the
SCR permits the realisation of a laser without the need of population inversion [1] by the
formation of exciton-polaritons [2, 3], which can undergo Bose–Einstein condensation
(BEC). It has to be emphasized that the term BEC is not used in the static sense of atomic
physics, but rather refers to a dynamic condensate, which is maintained in the steady state
only if the energetic losses by emission of light are compensated by continous pumping [4].
In general, a MC consists of a cavity which contains an active medium surrounded
by highly reflective mirrors, often realised by distributed Bragg reflectors (DBR). The
electromagnetic field is one-dimensionally confined within the cavity layer in the planar
case, and two-dimensionally for geometries based on micro- or nanowires. In all types
Fabry-Pérot modes arise from the confinement, whereas in the wire geometry whispering
gallery modes by total internal reflection can exist. These modes can be occupied by
so-called cavity-photons, which have, due to their tiny effective mass, a steep parabola-like
dispersion1. The active medium provides an electronic system by the excitons2 in the
semiconductor, which interact with the cavity-photons. As the dispersion of the exciton is
flat due to its large effective mass, the exciton and cavity-photon mode can get in resonance.
Then two cases are possible:
In the WCR, the interaction between both systems is very short, so the photon emitted
into the cavity mode by decay of an exciton escapes from the cavity before another exciton
can be coherently excited. The dispersions of the excitonic and photonic mode remain
unchanged. If the cavity-photon density of states is high enough, the decay rate of the
excitons is affected causing an enhanced or decreased emission intensity, described by the
Purcell factor [5].
In the SCR, the photon created by the annihilation of an exciton is coherently reabsorbed
and again creates another exciton instead of escaping from the cavity. This reversible
1energy–momentum (E − k) relation
2bound electron–hole pairs
1
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periodic energy transfer is characterised by so-called Rabi oscillations between the photon-
and exciton-like eigenstates of the system. The dispersions of both modes are no longer
independent of each other and an anticrossing of the dispersion curves occurs, which in
turn leads to a lower and an upper polariton branch (LPB and UPB, respectively). The tiny
effective mass of the formed exciton-polaritons being five orders of magnitude smaller than
the restmass of the electron, their bosonic character and the finite energy of the photon-like
LPB at zero in-plane wave vector make BEC possible at elevated temperatures.
In order to access the SCR and even realise BEC in planar MC, their structure has
to fulfill two conditions: First, the sample structure must provide an excellent optical
confinement to yield a sufficiently narrow cavity-photon mode, i.e. long lifetime and
a small inhomogeneous energy distribution. For the DBRs used, this implies a sufficiently
large number of layer pairs and smooth interfaces. Second, the active material, grown on
top of the DBR must provide good electronic properties characterised by a long lifetime of
the excitons and a high oscillator strength.
Well established material systems in MC research are based on GaAs, starting with the
observation of exciton-polaritons in the early 1990s by Weisbuch et al. [6] epitaxial growth
of GaAs-based samples exhibiting BEC is common practice nowadays [7–11]. In GaAs-
based samples effects originating from vortices in the superfluid phase of the condensate
are currently investigated [12–14]. However, the first observation of a polariton condensate
was achieved in a CdTe-based system [15]. For these two systems, BEC is limited to
temperatures lower than 20 K. For the GaN system, BEC has been demonstrated at room
temperature in 2007 [16] and for ZnO-based MC only within the last year [17–19],[A1].
ZnO has further advantages, the most important being mentioned are the large exciton
binding energy and high oscillator strength leading to the huge Rabi-splitting of 190 meV.
These lead to predictions of the feasability for BEC up to 610 K [20].
BEC in ZnO-based MC was not realised for a long time due to the lack of high-quality
MC samples. ZnO thin films are known to grow with a columnar texture on most of
hetero-substrates caused by its wurtzite structure [21]. Depending on the growth conditions
as well as the substrate properties, like degree of lattice match and surface roughness,
the grain size in the ZnO thin film varies considerably. Naturally, this leads to more
pronounced disorder effects in ZnO-based MC compared to e.g. GaAs-based systems,
especially for growth of the ZnO-cavity layer on dielectric DBR, without lattice-match,
as done in this work.
In literature different material systems for the DBR and strategies for their fabrica-
tion have been proposed for ZnO-based MC in order to get the best trade-off between
good photonic and electronic properties: all-monolithic [22, 23], hybrid [24–26] and non-
epitaxial [27],[A2] planar MC but also MC based on almost perfect single-crystalline
ZnO-nanowires. The pro and contra of these approaches shall be shortly discussed in the
following:
In terms of a good basis for a highly crystalline ZnO-cavity layer, DBR providing
an epitaxial relationship for ZnO are considered to be the most suitable. Recently, an
all-monolithic MC consisting of two ZnO/MgZnO-based DBR and a cavity containing
ZnO quantum wells has been grown by molecular beam epitaxy (MBE) [22]. This MC
has a quality factor Q ≈ 430 and conventional VCSEL operation has been reported. The
strong coupling regime in this sample type could be accessed up to 150 K, exhibiting
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a mode splitting of 26 meV only [23]. This shows the difficulties in sample fabrication as
on the one hand a very large number of layer pairs for such DBR is necessary for high
reflectivities and on the other hand the position and number of quantum wells (QW) are
a challenging issue: All thicknesses have to be controlled precisely.
Several groups have demonstrated successful fabrication of AlN/GaN-based bottom
DBR with a bulk-like ZnO-cavity by MBE [24, 25] and PLD [26]. MC based on these
DBR capped with dielectric top DBR – therefore called hybrid MC – have shown quite low
Q values in the range of 100. Because of the high layer-pair numbers needed for sufficient
reflectivity, samples often are subject to cracks due to the small lattice mismatch present
in spite of the epitaxial relationship. Nevertheless, BEC could recently be observed in
one of these MC (Q ≈ 300) at temperatures up to T = 120 K [17]. In order to further
improve this type of MC, a new fabrication method has been applied [28]: fully hybrid MC
have been grown using a flip-chip technique where a supplementary dielectric mirror was
deposited on the initial low-pair AlN/GaN-based bottom DBR in order to further enhance
its reflectivity, yielding Q ≈ 700. Very recently, hints for BEC at room temperature were
reported in a MC containing a PLD-grown ZnO-cavity layer, the quality factor of slightly
over 200 being astonishingly small [18].
MC systems based on the non-epitaxial approach have a major advantage: The dielectric
DBR require fewer layer pairs to show sufficient reflectivity – and therefore quality factor –
and possess a broad stopband in the order of 500 meV due to the large difference in the
refractive indices given the right choice of the two materials. However, the growth of
a ZnO-cavity layer with both good electronic properties and a smooth surface is not trivial
on such polycrystalline DBR, as ZnO grows column-like especially on such substrates.
The top DBR inherits the roughness of the ZnO-cavity layer, as can be clearly seen in [27].
Besides the planar MC, 2D confined systems are investigated by several groups. ZnO-
microwires or -nanowires grown by the vapor–liquid–solid method [29, 30], vapor-phase
transport [31, 32] and pulsed laser deposition [A3] have been used as they provide almost
perfect crystalline material. Here a quality factor of about 250 for coupling to Fabry-Pérot
modes [29] has been shown.
The aim of the present thesis is the PLD-growth of MCs with ZnO as cavity material
and active medium, in order to achieve BEC of exciton-polaritons. This work benefits
from the comprehensive experience concerning the PLD of ZnO thin films obtained over
many years in the semiconductor physics group at Universität Leipzig and continued
with the successful fabrication of DBR established by J. Sellmann in the frame of his
diploma thesis [33]. Further, the present know-how in the self-organised growth of ZnO
nanowires (NW) by PLD [A4],[34], provided the opportunity to use these high-quality
structures as cavity material. In this work, the challenge to find suitable growth conditions
for a homogeneous coating of NW with a shell DBR was taken up.
The first step consisted in the optimisation procedure of the DBR, made of yttria
stabilised zirconia and alumina, and of the cavity material. For the ZnO-cavity layer a large
effort was necessary to achieve good quality samples as conventionally used approaches for
ZnO epitaxy do not work for growth on dielectric DBR. It turned out, that smooth surfaces
are easily obtained when the material is quasi-amorphous, whereas crystalline material
is columnar and therefore rather rough. Therefore, different planar MC types have been
designed, fabricated and investigated with regard to their light-matter coupling behaviour.
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For a prototype MC (MCp) such a rough cavity layer was used. This type was further
refined following two strategies: On the one hand the annealed MC type (MCa) was grown,
where a quasi-amorphous ZnO-cavity layer with a smooth surface has been annealed
after deposition in order to crystallize the material afterwards, to get the desired good
electronic properties. On the other hand the smoothed MC type (MCs) was fabricated,
where a crystalline but rough ZnO-cavity layer with good electronic properties has been
smoothed by ion beam bombardment in order to improve the photonic properties. Moreover,
a quantum well MC type (MCq) was made, which is based on a ZnO quantum well embedded
in a MgZnO-cavity layer, to yield a higher oscillator strength and exciton binding energy
than in bulk material. Furthermore, the mesa MC type (MCm) was structured with circular
mesas of a few nm in height on the ZnO-cavity layer, which should act as lateral traps
for polaritons similar to that in [7, 35]. The large area MC (MCl) was deposited on a
2"-wafer, where the intentional thickness gradient of the ZnO-cavity layer allows to detune
the MC over a cavity mode number m = 1, 2, 3. Additionally, a successful technology
was developed for the homogeneous coating of free-standing NW with a shell DBR
(MCn). Because of the increased complexity of this MC type, the present experimental
and theoretical investigations cannot compete with the knowledge gained from the planar
samples.
Comparing the optical properties of all these MC types, MCa was found to be the most
promising MC for the formation of BEC due to its high quality factor of about 1000. Also
because of the detailed investigations on MCa, made by C. Sturm in the frame of his PhD
thesis [36], it was chosen for the proof of BEC. The formation of BEC of exciton-polaritons
up to a temperature of 250 K could be observed.
In this work, all samples have been prepared by pulsed laser deposition (PLD) in the
department of semiconductor physics at Universität Leipzig. The structural properties have
been investigated by atomic force microscopy (AFM) and X-ray diffration (XRD). Optical
constants and layer thicknesses have been determined by UV-VIS spectroscopic ellipso-
metry. The obtained MCs have been studied by means of angular and/or spatially resolved
photoluminescence spectroscopy (PL) and/or reflectivity measurements in cooperation
with the persons listed below.
This work was embedded in the DFG-project GR1011/20-1 “Bose–Einstein-Konden-
sation von Exziton-Polaritonen bei Raumtemperatur” (“Bose–Einstein condensation of
exciton-polaritons at room temperature”) and in the project P5 within Forscherguppe
FOR 522 “Optische Resonanzen in Mikro- und Nanozylindern” (“Optical resonances in
micro- and nanocylinders”).
The detailed model description for the dispersion of the polariton branches, established
by C. Sturm during his PhD thesis, was used in this work. Further, the mode coupling results
obtained by C. Sturm for the samples MCp and MCa [36], common to his and the present
work, are reproduced for comparison with the other MC samples. Technical support in PLD
and RHEED was given by H. Hochmuth and M. Lorenz, the targets have been prepared
by G. Ramm. Lithography of mesa structures was carried out by M. Hahn as well as by
A. Fritsch. ZnO-nanowires were fabricated by M. Lange and J. Zúñiga-Pérez. The AROSE
setup for photoluminescence (PL) and reflectivity studies was constructed by C. Sturm and
used in cooperation with him, R. Schmidt-Grund, T. Michalsky, S. Richter and M. Thunert.
The Fourier imaging setup with pulsed excitation for the proof of BEC, provided by
4
Chapter 1. Introduction
N. Grandjean at École polytechnique fédérale de Lausanne (EPFL) in Switzerland, was used
in cooperation with R. Schmidt-Grung during a guest stay. The µ-PL setup was designed
and set up by T. Nobis and C. Czekalla. µ-PL measurements and mode calculation for MCn
was done by R. Schmidt-Grund, C. Sturm, C. Czekalla, J. Sellmann and A. Meissner during
her diploma thesis. The mesa structure was investigated by µ-PL by T. Michalsky. Time-
resolved PL measurements on MCq were carried out by T. Michalsky during his B.Sc. thesis
in cooperation with A. Müller and M. Stölzel. The cathodoluminescence measurements
were done by J. Zippel. Scanning transmission electron microscopy images (STEM) were
obtained by J. Lenzner and G. Zimmermann, transmission electron microscopy analysis
(TEM) by G. Wagner. All these experiments were carried out at the Universität Leipzig.
Ion beam smoothing of ZnO-cavity layers and AFM images of these samples were done
by F. Frost at the Leibniz-Institut für Oberflächenmodifizierung (Leipzig).
In this work, the own and contributed publications are labeled as [Ax] where x denotes
the corresponding reference number.
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Chapter 2
Physical Basics
In the following, the most important physical properties of the materials, used for the
distributed Bragg reflectors (DBR) – yttria stabilised zirconia and alumina – and the cavity
material ZnO shall be presented. The principal functionality of distributed Bragg reflectors
and microcavities will be explained. Finally, the theoretical basis for the interpretation of
the results concerning the condensation of exciton-polaritons is laid.
2.1 Structural Properties
2.1.1 Substrate and DBR Materials
2.1.1.1 Sapphire and Alumina
The vast majority of samples has been prepared on sapphire substrates3, strictly speaking
on corundum substrates. Its crystal structure belongs to the trigonal space group R3c with
lattice constants a = 0.476nm and c = 1.3nm [37] making it optically uniaxial. The oxygen
atoms are located on a hexagonal closed-packed lattice. The different crystal orientations
of the unit cell can therefore be indexed as in the wurtzite structure (Fig. 2.1), with four
Miller indices hkil for the four vectors a j ( j = 1, 2, 3) and c spanning the unit cell. The a j
are not linearly independent and i = − (h + k) holds. For c-plane oriented substrates the
optical axis coincides with the substrate normal, for a-plane oriented ones the optical axis
lies parallel to the substrate surface. The thermal expansion coefficient is 6.19 × 10−6 K−1
(∥c) and 5.43 × 10−6 K−1 (⊥c) [38].
In this work DBR have been deposited on c-plane oriented sapphire substrates as
established by J. Sellmann [33]. The optimisation of QW structures was performed on
a-plane oriented substrates applying the knowledge obtained by M. Brandt in the growth
of QW as described in [39]. The alumina thin films in DBR are nanocrystalline or XRD-
amorphous (see Chap. 4).
Homoepitaxy of alumina by PLD has not been reported in literature yet, due to
the high growth temperature which are required but not achievable by conventional
3some basic steps and tests, where the choice of the substrate is irrelevant, have been carried out on silicon
substrates
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Figure 2.1: Important planes in the wurtzite structure and corresponding Miller indices.
thermally/ radiatively heated substrate holders in PLD. In general, there is not much
research on growth of epitaxial alumina. In 2009 epitaxial growth of alumina was repor-
ted by electron-beam assisted PLD at 300◦C on NiO substrates [40]. Reactive ionized
beam deposition yielded epitaxial alumina on Si(111) applying a growth temperature of
800◦C [41].
2.1.1.2 Yttria Stabilised Zirconia
Zirconia (ZrO2) crystallises in three phases: cubic, monoclinic and orthorhombic. By
incorporation of yttrium atoms it is possible to stabilise its cubic phase for a content of
x = 0.08 − 0.40 in (Y203)x(ZrO2)1−x [42]. Yttria-stabilised zirconia (YSZ) then crystallises
in the cubic CaF2-structure, where zirconium and yttrium ions are statistically distributed
on a face centered cubic (fcc) lattice. Each cation is surrounded by eight oxygen ions.
The lattice constants are about 0.52 nm, depending slightly on the yttrium content [43].
The thermal expansion coefficient of YSZ is about 8 × 10−6 K−1 [44], similar to that
of alumina.
YSZ is widely used as a buffer layer in growth of high temperature superconductors
on Si(111) [45] and was therefore intensively investigated since the 1990s. Epitactic YSZ
thin films by PLD on Si(100) or Si(111) and on r-plane sapphire applying a substrate
temperature above 800◦C have been reported in [46] and [47], respectively.
YSZ, as a second DBR material in this work, is single-phase and polycrystalline with
a size of the crystallites in the range (30− 50) nm (see Sect. 4.1.5), the highest applicable
substrate temperature being about 650◦C in the used growth chamber.
2.1.2 Cavity Materials
2.1.2.1 Zinc Oxide
ZnO crystallises in the wurtzite structure (Fig. 2.2), consisting of a hexagonally close
packed lattice with a diatomic basis. Each zinc atom is surrounded by four oxygen atoms
and vice versa. The lattice constants are a = 0.325 nm and c = 0.521 nm. The c/a ratio is
1.6 % smaller than the value of
√
8/3 in an ideal wurtzite structure [48].
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Zn
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Figure 2.2: Crystal structure of ZnO, image taken from Ref. [49].
Its crystal structure leads to a preferential growth in c-direction and thus enables the
synthesis of nanostructures with a wide variety in shape, summarised e.g. in [50]. The PLD-
grown ZnO nanowires (NW) used in this work have also been synthesized by exploiting
this self-organised growth principle, yielding – under certain conditions (see Sect. 5.3)
– NWs with high aspect ratio in arrays of sufficiently low density, thus well suited for
application as single-crystalline cavity material [34].
However, this behaviour is a clear disadvantage, when epitaxial, smooth thin films are
desired as it leads to highly columnar growth in these cases, too. Even for homo-epitaxy,
ZnO substrates have to be pretreated thermally to yield step-flow growth with monoatomic
steps [51, 52]. A commonly used substrate for hetero-epitaxy is c-plane sapphire, with
the epitaxial relationship ZnO[101¯0] ∥ Al2O3[112¯0] corresponding to a 30◦ rotation of the
ZnO hexagons with respect to the sapphire ones. They have the same in-plane orientation
despite a lattice mismatch of 18 %. In general, the crystallinity of the thin films is better
with increasing growth (substrate) temperature [53].
2.1.2.2 Magnesium Zinc Oxide
For the growth of quantum well (QW) structures, MgZnO was used as barrier material,
due to its larger bandgap compared to ZnO. Pure MgO crystallises in the rocksalt structure
with a lattice constant of a = 0.421 nm [37]. The Mg and O atoms are located on two
fcc sublattices, shifted by (0.5,0.5,0.5)a against each other. The phase transition of the
mixed-crystal system occurs for a Mg-content between 0.3 < x < 0.8 [54]. This content
depends on the growth method and conditions as well as on the used substrate. However,
the lattice constants as a function of x can be almost linearly approximated for most growth
methods [54]. The Mg-content in the thin films in the present work does not exceed 20 %,
thus the wurtzite structure is always maintained. For this, a Mg-content of 4-wt% was
used in the target, taking the large transfer factor of Mg atoms into account [55]. A too
large Mg-content should be avoided because it would lead to large strain by the increased
lattice mismatch. Pure MgO used as a DBR material was reported to yield quite rough
interfaces [27].
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2.2 Fundamental Electronic and Optical Properties
of ZnO
2.2.1 Bandstructure of ZnO
ZnO is a wide band-gap semiconductor (Eg ≈ 3.37 eV at RT) with a high exciton binding
energy of EB = 60 meV. As a direct semiconductor, its highest valence and lowest conduc-
tion band are located at the Γ-point of the Brillouin zone (see Fig. 2.3). The conduction
band is s-like and two-fold degenerated. The valence band is p-like caused by the oxygen
orbitals in ZnO. Its 6-fold degeneracy is lifted due to spin-orbit interaction (by the energy
∆so) and due to the crystal field splitting (by the energy ∆cf) caused by the anisotropy
of the wurtzite structure. Three topmost valence bands are observed (see Fig. 2.4). The
assignment of the symmetries to these three bands is still under discussion in literature [57],
but more and more the valence band order Γ7 − Γ9 − Γ7 corresponding to a negative ∆so
has become accepted [58].
Regardless of the actual valence band order, the bands are labelled A, B and C
with increasing distance to the conduction band. This denomination is also used for
the excitons related to these bands. The energetic differences are ∆AB = 4.9 meV and
∆BC = 43.7 meV [60].
The temperature dependence of the bandgap can be described up to room temperature
by the Bose-Einstein model [61]:
Eg(T ) = Eg(T = 0 K) − αΘphonone(Θphonon/T ) − 1 , (2.1)
A L M A H KG G
-10
10
0
5
15
20
5
e
n
e
rg
y
(eV
)
Figure 2.3: Bandstructure of ZnO calculated by the pseudo-potential method (from [56]).
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Figure 2.4: Schematic of the band splitting in the rocksalt and wurtzite structure for different values
of the spin-orbit (∆so) and crystal field (∆cf) splitting (taken from [59]).
with α and Θphonon representing the coupling constant and the average phonon energy,
respectively. This model can be well applied for ZnO up to room temperature [62].
2.2.2 Recombination Processes
Recombination processes in crystals are commonly studied by (time-dependent) photolu-
minescence spectroscopy (PL). After irradiation of the sample by laser light with energy
above Eg, the hot carriers thermalise and the crystal returns to its equilibrium state mainly
by recombination of electron–hole pairs. In addition also phonons and defects play an im-
portant role. A typical PL spectrum of ZnO is shown in Fig. 2.5. The most relevant features
will be explained briefly in the following. The corresponding energies are summarised
in Tab. 2.1. However the respective energies of the free excitons depend on the growth
method.
Free Excitons
The optical excitation by the laser induces a polarisation field which can be described in the
particle picture. The corresponding quasi-particles have been named excitons by Frenkel
in 1931 [63]. A photon excites an electron from the valence band into the conduction band.
This electron forms a hydrogen-like bond with the remaining hole in the valence band by
Coulomb interaction [48]. Excitons are neutral and as an exciton consists of two fermions,
the composite particle has bosonic character.
In analogy to the hydrogen-atom the center of mass motion of the exciton is separated
from the relative motion. The latter causes quantized states. In total, the dispersion of the
excitons is given by the respective bandgap energy E(i)g , with i standing for the A-, B- and
C- exciton, the exciton binding energy EnX for the n
th excited state and the kinetic energy
of the center of mass:
E(i) = E(i)g − E(n)X +
~2k2
2mX
, (2.2)
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. . . .
Figure 2.5: Photoluminescence spectra of typical PLD-grown ZnO thin films on sapphire sub-
strates [62]. The emission from donor bound excitons (D0X) is dominating, leading also to strong
phonon replica (D0X−1LO or −2LO). XA denotes the free A-exciton emission.
Table 2.1: Energies of important excitonic transitions at T = 10 K deduced from [60]. The D0X
denotes the donor bound exciton related to alumina (I6), Zni the Zn interstitial and DBX the defect
bound exciton.
notation energy (meV)
A-exciton 3.377
B-exciton 3.382
C-exciton 3.426
D0X 3.361
Zni 3.366
DBX 3.333
with
E(n)X =
µ
m0ϵ2
13.6eV
1
n2
(2.3)
and k = ke + kh and mX = me + mh being the total momentum and total mass of electron
and hole. These two masses are me = 0.28 m0 and mh = 0.59 m0 in ZnO [60], where m0
is the rest mass of the electron. Further µ = memh/(me + mh) is the reduced exciton mass
and ϵ the background dielectric constant. The value 13.6 eV is the Rydberg energy of the
hydrogen model. The exciton binding energy of the ground state is about 60 meV in ZnO
for A-, B- and C-exciton, which makes excitons stable above room temperature.
12
2.2. Fundamental Electronic and Optical Properties of ZnO
The Bohr radius of the exciton is
aXB =
m0
µ
ϵaB , (2.4)
where aB denotes the hydrogen Bohr radius, and which amounts for ZnO with ϵ ≈ 6.5 to
a value of aXB = 1.8 nm. Excitons in ZnO are therefore Wannier excitons, because their
radius is considerably larger than the lattice constant.
Bound Excitons
Excitons can be localized at impurities, defects, grain boundaries or other potential minima
in the crystal leading to a reduction of the respective transition energy. Experimentally,
excitons in ZnO have been observed to be bound on neutral and ionised donors or on
neutral acceptors. Additionally, surface-bound excitons and excitons bound to lattice
defects (DBX) have been reported. A comprehensive assembly of transition energies to the
respective impurity (donor or acceptor) or defect can be found in [60]. The origin for the
most dominant luminescence of ZnO at T = 10 K are excitons bound to aluminium donors
(D0X) at 3.361 eV and to Zn-atoms on interstitial lattice positions (Zni) at 3.366 eV.
Phonon Replica
The free-exciton recombination is restricted to excitons with k ≈ 0 due to momentum
conservation and the photons’ negligibly small wave vector [48]. Excitons at higher k-
values can recombine mediated by longitudinal-optical phonons (LO-phonons), which carry
the additional momentum. So all above described recombination processes can involve
several phonons, mostly LO-phonons. A series of peaks appears at integer multiples of the
LO-phonon energy below the respective transition energy. The LO-phonon energy in ZnO
is 72 meV on average [64].
2.2.3 Quantum-Well Excitons
Quantum wells are heterostructures of type I where a thin layer with a small bandgap
is surrounded by a material with larger bandgap called barrier, e.g. ZnO in MgxZn1−xO
(Fig. 2.6). This potential well traps charge carriers available within the diffusion length.
The charge carriers form so-called QW excitons with a higher exciton binding energy and
an enhanced oscillator strength resulting from the larger overlap of the electron and hole
wave functions compared to bulk material [65].
The corresponding quantised eigenstates arising from the confinement can be described
by the solutions of the following Schrödinger equation:(
− ~
2
2m
d2
dz2
+ V(z)
)
ψn(z) = Enψn(z) (2.5)
with ~ the reduced Planck constant, m the effective mass, V the potential difference from
well to the barrier. For the quantum well with infinite barrier, the wave function ψ must be
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Figure 2.6: Schematic of the valence and conduction band energy (VB and CB, respectively) in
a QW structure with the QW width Lw. The energies E
MgZnO
g and EZnOg denote the bandgap of
MgZnO and ZnO, respectively. ∆Ec and ∆Ev are the band offsets of the respective bands.
zero in the barrier for continuity reasons. Therefore the energy of the QW exciton is given
by:
En =
~
2m
(
nπ
Lw
)2
(2.6)
and the wave function by:
ψn(z) = An sin
(
nπz
Lw
)
(2.7)
with Lw being the QW width and the amplitude An. A finite barrier potential leads to an
exponential decrease of the wave function into the barrier, a problem which has to be
solved numerically. Unfortunately, for ZnO not all necessary input parameters are known
yet: There are several different values reported for the effective mass of electron and hole,
but no data are available at all for MgxZn1−xO as a function of x. Further, the valence and
conduction band offsets (∆Ec and ∆Ev, see Fig. 2.6) are discussed very controversially,
ranging from 10:90 to 90:10. The widths of the QW investigated in this work are therefore
only estimations.
The exciton transition energies of PLD-grown MgxZn1−xO thin films are connected to
the Mg-content x (x < 0.35 in wurtzite structure) via [66]:
EX(T = 2 K) = 3.38 + 1.35(20)x + 2.5(5)x2 (2.8)
and
EX(T = 300 K) = 3.3 + 1.4(3)x + 2.1(6)x2 . (2.9)
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2.2.4 Optical Polarisation
The Stokes vector is a mathematical description of an electromagnetic wave in its intensity
and polarisation state. Especially, the degree of polarisation or depolarisation are included.
The Stokes vector reads S = (S 0, S 1, S 2, S 3)⊤ and consists purely of intensities, being
directly accessible in experiment [67]:
S 0 = Ix + Iy = E˜xE˜∗x + E˜yE˜
∗
y , (2.10)
S 1 = Ix − Iy = E˜xE˜∗x − E˜yE˜∗y , (2.11)
S 2 = I45◦ − I−45◦ = E˜xE˜∗y + E˜∗xE˜y , (2.12)
S 3 = IR − IL = i(E˜xE˜∗y − E˜∗xE˜y) . (2.13)
Herein, Ix and Iy are the light intensities of linear polarisation in x- and y-direction, I45◦
and I−45◦ the intensities of linear polarisation at 45◦ and −45◦ and finally IR and IL denote
the intensity of right- and left-circular polarisation, respectively.
In the special case of zero depolarisation
S 0 =
√
S 21 + S
2
2 + S
2
3 ,
the simpler Jones vector, which describes the electric field strengths, can be used. This de-
scription provides a useful tool, when the manipulation of light by several optical elements
has to be considered. It is the standard means to understand and model ellipsometrical
measurements [67].
Here, the polarisation state of an electromagnetic wave propagating in the z-direction
can be described by a superposition of the electric field components in x- and y-direction:
E˜(z, t) =
(
E˜x
E˜y
)
= exp i(kz − wt)
(
Ex exp(iδx)
Ey exp(iδy)
)
. (2.14)
This equation is further simplified by omitting exp i(kz − wt) and the Jones vector is usually
given for normalized field strength:
Ex = Ex0 exp [iδ] = |Ex| exp [i(δx − δy)] (2.15)
Ey = Ex0 = |Ey| (2.16)
using the phase difference δ = δx − δy.
The interaction of the electromagnetic wave with any optical element or material is
described by a matrix formalism, where the 4× 4 Mueller-matrix connects the in and
outcoming Stokes vector, or the 2× 2 Jones-matrix the corresponding Jones vectors.
2.2.5 Dielectric Function
For non-magnetic materials, neglecting spatial dispersion and excluding bianisotropic
materials, the relationship between dielectric displacement D⃗ and electric field of an
electro-magnetic wave is in linear approximation given by [68]:
D = ε0ε˜E , (2.17)
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where ε˜ is the complex-valued dielectric function (DF)
ε(ω, k) = ε1(ω, k) + iε2(ω, k) . (2.18)
The real and imaginary parts are connected via the Kramers–Kronig relations. The solution
of the wave equation leads to the following dependence of the wave vector k⃗ on the
frequency ω of the electromagnetic wave:
c2k2
ω2
= ε(ω) . (2.19)
In general the DF is a tensor, i.e. D and E are not parallel and the propagation velocity
of waves, whose direction of wave vector is deviating from the optical axis, depends on the
polarisation. For optically uniaxial materials – such as corundum and ZnO – the coordiante
system is usually chosen such that the z-axis coincides with the optical axis. In this case
the tensor can be simplified to a diagonal tensor with only two independent elements [68]:
εxx = εyy , εzz . (2.20)
Consequently, also the refractive index depends on the direction of propagation and polar-
isation. For the ordinary (o) and extra-ordinary (eo) wave the following equations hold [69]:
n2o = ε⊥ (2.21)
and
1
neo
=
sin2 φ
ε∥
+
cos2 φ
ε⊥
, (2.22)
where φ denotes the angle between wave vector and optical axis in the crystal. The
difference between the two refractive indices n⊥ ≡ no and n∥ = neo(φ = π/2) is named
birefringence ∆n = n∥ − n⊥.
If light is incident onto a boundary between two media (homogeneous, isotropic and
transparent) with different refractive index (n1 and n2), it is split up into a reflected and in
a transmitted wave. The boundary conditions force the tangential components of the electric
and magnetic field to be conserved and the total fields are subject to energy conservation.
The reflexion r and transmission t coefficients are then given by the Fresnel formulae [70]:
tp =
2n1 cos θ1
n2 cos θ1 + n1 cos θ2
, (2.23)
ts =
2n1 cos θ1
n1 cos θ1 + n2 cos θ2
, (2.24)
rp =
n2 cos θ1 − n1 cos θ2
n2 cos θ1 + n1 cos θ2
, (2.25)
rs =
n1 cos θ1 − n2 cos θ2
n1 cos θ1 + n2 cos θ2
. (2.26)
Here, θ1 denotes the angle of the incident and θ2 the angle of the transmitted wave – p and
s specify polarisation parallel and perpendicular to the plane of incidence, respectively. As
these coefficients are real for a transparent material, the phase change of the wave upon
reflection can either be 0 or π corresponding to the cases n1 > n2 or n1 < n2, respectively.
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2.2.6 Model Dielectric Functions
2.2.6.1 Transparency Region
The complex refractive index describes the propagation of electromagnetic waves in matter
and is connected to the DF as follows:
n˜(ω) = n(ω) + iκ(ω) =
√
ε˜(ω) . (2.27)
For photon energies far from any optical transitions ε2 = 0. Consequently, n =
√
ε1 holds,
the absorption index κ = 0 and the material is transparent. In this range the dispersion can
be modelled by a slowly varying function, the so-called Cauchy-Ansatz [71]:
n(λ) = A +
B
λ2
+
C
λ4
. (2.28)
This Ansatz was used to model the DF of the two Bragg materials Al2O3 and YSZ, because
the bandgap energies are about 5.7 eV for YSZ [72] and 9.0 eV for Al2O3 [73], well above
the spectral range of interest in the present work.
2.2.6.2 Near Band-Gap Region
The DF of ZnO in the NIR–VIS–NUV spectral region consists of several contributions.
The near band-edge absorption has been thoroughly investigated by S. Adachi [74, 75]
modelling the transitions below. In the corresponding equations Ai are the amplitudes, Γ
the broadening and Ei the energies of the transitions from the three valence bands.
1. Band-to-band transitions:
εB−B(E) =
Ai
E3/2i
2 − √1 + x + √1 − x
x2
(2.29)
with x = E+iΓEi .
2. Contributions from discrete excitons:
ε(E) =
∞∑
n=1
Ai
n3
[(
Ei − EnX
)
− E − iΓi
] (2.30)
with EnX refering to the exciton binding energy of the n
th excited state (see Eq. (2.3)).
3. Contributions from exciton continuum states (~ω > Eg) originating from unbound
excitons:
ε(E) =
AE
En=1X (E + iΓ)
2
ln
E2i
E2i − (E + iΓ)2
. (2.31)
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4. Exciton–phonon complexes are modelled by [76]:
ε(E) =
Ai(
Egi − En=1X + Eph
)
− E − iΓEPC
, (2.32)
where Eph denotes the phonon energy.
5. Higher-energy transitions, above the investigated spectral range, are described Kra-
mers-Kronig consistently by a pole function:
εPol = A
E21(
E21 − E2
) . (2.33)
The broadening Γ was modelled by a Voigt function, being a modification of Adachi’s
model by C. Kim et al. [77] taking into account a Gaussian part of the lineshape at higher
temperatures:
Γ = Γ′ exp
{
−α
(E − Ei
Γ′
)2}
(2.34)
with α = 0 and α ≈ 0.2 describing the pure Lorentzian and pure Gaussian broadening,
respectively.
2.3 Microcavities
2.3.1 Optical Confinement
The confinement of light by introducing barriers for the photons, i.e. restricting the exten-
sion of the medium to the order of the wavelength, leads to a quantization of one or several
components of its total momentum given by:
k2 = k2x + k
2
y + k
2
z , (2.35)
and depending on the dimensionality i of the confinement, one, two or all three components
are described by:
ki =
πmi
Li
, (2.36)
where the mode number mi = 1, 2, . . . is an integer and Li is the length of the medium
in the confined direction, the remaining components unconstrained. The corresponding
energy of the so-called Fabry-Pérot modes is given by:
E(kx, ky, kz) = ~c
√
k2x
n2x
+
k2y
n2y
+
k2z
n2z
. (2.37)
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For these allowed optical modes, the photonic density is strongly enhanced, however
in the range between strongly reduced. This leads to a large reduction of the spectral mode
density, characterised by the free spectral range given by
∆Efsr =
π~c
Li
. (2.38)
The “strength” of the confinement can be quantified by the quality factor Q, which is
calculated via the ratio of mode energy and its homogeneous (Lorentzian) broadening:
Q =
Ecav
γcav
. (2.39)
A high quality factor is reached by a small mode broadening and therefore equivalent
to a high photonic lifetime, which is desired for strong light–matter interaction. In other
words, Q corresponds to the average number of round trips of the photon before it escapes
from the confined system [78]. In order to reach high Q, highly reflective mirrors such as
distributed Bragg reflectors are widely used.
Furthermore, the confined mode volume is defined by the ratio of the integrated energy
density of the electric field in the mode and its maximum. The reduction of the mode
volume Vmode by confinement in several directions leads to a higher coupling strength to
the available electronic system.
For 0D-confinement the dispersion of the mode E(k) is linear with a slope depending
on the refractive index of the medium (see Fig. 2.7a).
For 1D-confinement, being a planar layer confined in its normal direction k⊥ (see
Fig. 2.8b), the dispersion for a given k⊥ is given by:
E(k) =
~c
neff
|k| = ~c
neff
√
k2⊥ + k2∥ ≈
~c
neff
k⊥ +
~c
2neff
k2∥
k⊥
, (2.40)
where neff is an effective refractive index often used in literature, e.g. [80]. E(k) is para-
bola-like for small in-plane wave vector k∥ (see Fig. 2.7b).
kx
E
my =0
my = 1
my = 2
( )mx,my =
(0,0)
(1,1)
(1,0)(0,1)
(2,0)(0,2)
(2,1)(1,2)
(3,1)(1,3)
(a) (b) (c) (d)
mz = 1 mz = 1
0D 1D 2D 3D
Figure 2.7: Free photon dispersion in vacuum or bulk material (a) and confined in one (b), two (c)
and three (d) dimensions. Adapted from [79].
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Figure 2.8: Schematic of one- (a) and two-dimensionally (b) confined MC. In (b) the definition for
the transformation between cartesian and hexagonal coordinate systems is given.
In the case of 2D-confinement in hexagonal nanowire MC as investigated in this work
the dispersions E(k) are also parabola-like (see Fig. 2.7c) and given by [81]:
E = ~ω =
~c
n
|k| = ~c
√
k2x
n2∥
+
1
n2⊥/∥
[
k2a +
4
9
(
k2b + k
2
c + kbkc
)]
(2.41)
with
ka =
π
L
(ma) , (2.42)
kb =
π
L
(mb) , (2.43)
kc =
π
L
√
(ma)2 + (mb)2 − (ma)(mb) . (2.44)
This transformation can be deduced from geometrical considerations, the definitions of the
cartesian and hexagonal coordinate system being given in Fig. 2.8. Finally, 3D-confinement
gives rise to Fabry-Pérot modes without dispersion yielding constant energy levels (see
Fig. 2.7d).
Experimental investigation of these dispersions is performed using angular-resolved
spectroscopy. The in-plane wave vector is connected to the emission angle θ by:
k∥(θ) =
E(θ)
~c
sin(θ) . (2.45)
In the present work both quantities, wave vector and emission angle, are equally used for
the presentation and discussion of experimental results and theoretical considerations.
2.3.2 Distributed Bragg Reflectors
A DBR consists of a quarter-wave stack of alternating layers of two materials with different
refractive indices and showing no absorption in the desired spectral region. The individual
layers’ optical thickness is:
λs
4
=
π
2
~c
Es
= n1(λs)d1 = n2(λs)d2 , (2.46)
where ni and di are the refractive indices and thicknesses of the layers. The central vacuum
wavelength and the respective central energy of the stopband are given by λs respective Es
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Figure 2.9: Structure of a distributed Bragg reflector.
– c is the vacuum velocity of light. A schematic of a DBR is depicted in Fig. 2.9. Perfect
DBR exhibit one-dimensional photonic band structures with a photonic band gap and hence
a reflectivity close to 100 % in the region of the stop band.
Figure 2.10a depicts the reflectivity spectrum of a DBR consisting of 10.5 layer pairs
YSZ/Al2O3 for normal incidence on air. The spectrum was obtained from the transfer
matrix technique, using layer thicknesses of dYSZ = 41.53 nm and dAl2O3 = 53.86 nm,
respectively. The calculated maximum reflectivity of 99.2 % is reached at an energy of
3.311 eV in agreement to the theoretical value obtained from Eq. (2.48). The zero-crossing
point of the phase is located at 3.300 eV (Fig. 2.10b). This energy is the important quantity
needed for the calculation of the uncoupled cavity photon mode in the resonator structure.
For a complete understanding of the dispersion of the cavity-photon mode, the be-
haviour of the DBR must be described as a function of angle of incidence. An accurate
analytical model was developed by C. Sturm in his PhD thesis which also includes the
anisotropy of the cavity material [36],[A5] and will be summarised in the following para-
graphs.
(a) (b)
Figure 2.10: Reflectivity spectrum (a) and phase of the complex reflection coefficient (b) of a
10.5 pair YSZ/Al2O3 DBR, calculated from a layer stack model for normal incidence, using air as
ambient medium.
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Due to the linear behaviour of its phase close to λ0, the complex reflexion coefficient
can be approximated by [80]:
r˜ =
√
R exp
[
iL(θ)
E − E s(θ)
~c
]
, (2.47)
with L being the effective length of the DBR.
From the transfer matrix formalism the complex reflection coefficients for a DBR with
N layer pairs neighbouring an anisotropic medium (the ZnO-cavity) are obtained and can
be written in the form of Eq. (2.47), yielding [A5]
R =
1 − τ
(
n1
n2
)2N
1 + τ
(
n1
n2
)2N

2
, (2.48)
L(θ) =
1
~c
ζ2n1d1 cos θ1 + ζ1n2d2 cos θ2
µ
, (2.49)
and
E s(θ) =
ζ2n1(E = E1)d1E1 + ζ1n2(E = E2)d2E2
ζ2n1d1 cos θ1 + ζ1n2d2 cos θ2
. (2.50)
Here, Ei = π~c/2nidi represents the energy corresponding to the optical thickness of the
respective DBR layer and θi is the propagation angle of the electromagnetic wave with
respect to the surface normal in the ith layer. ζi denote phase matching factors of the
electromagnetic wave states between the two materials of the DBR and µ is a function of
the ratio of the two refractive indices. The parameter τ depends on the ratio of the refractive
indices of the two materials surrounding the DBR, the cavity and the respective substrate
which is air for the top DBR and sapphire for the bottom DBR in the MCs discussed here,
as well as on the ratio of the propagation angles of the electromagnetic wave within the
DBR materials. Therefore these three quantities (θi, τ, ζi) are depending on the polarisation
of the electromagnetic wave [A5]. As a consequence the reflectivity for s-/p-polarised light
increases/decreases with increasing angles of incidence, which has a strong impact on the
lifetime of the corresponding cavity mode. The effective length, which is related to the
reflectivity, follows the opposite trend. The difference in central energy is negligible. As
can be concluded from Eq. (2.48), a large difference of the refractive indices for the two
DBR materials is desired, as it leads already for few layer pairs to high reflectivity.
2.3.3 Cavity Layer
Introducing a cavity layer of thickness dcav with refractive index ncav into a DBR structure
leads to a photonic impurity mode – the so-called cavity mode – which can be located in
the photonic band gap [48]. If the optical thickness of the cavity-layer is equal to a multiple
m of half the central wavelength of bottom and top DBR (ncavdcav = mλ/2), the cavity
mode energy coincides with Es.
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The dispersion of this mode can be calculated by the transfer matrix formalism. How-
ever, in this work the more practical numerical approach established by C. Sturm [36] has
been used. For this, the resonance condition
r˜br˜t exp
(
i
2ED
~c
)
= 1 (2.51)
has to be solved. Here the subscripts b and t denote the bottom and top DBR, respectively,
and D = dcavncav cos θcav is the effective length of the cavity. The angle θcav specifies the
propagation angle of the photon inside the cavity layer. Using Eq. (2.47) this energy is
given by [A5]
Ecav =
2πm~c + LtE st + LbE
s
b
2D + Lt + Lb
(2.52)
and the photonic lifetime τ is related to the broadening γ in FWHM by:
1
τ
= γcav = −2~c ln
√
RtRb
2D + Lt + Lb
. (2.53)
The dispersion of the cavity mode is also different for s- and p-polarised light, which gives
rise to a finite splitting between these two modes, the so-called TE–TM-splitting4. The
lifetime (inverse mode broadening) of the cavity photons is proportional to the reflectivity
of the DBR and therefore decreases/increases for larger angles of incidence of p-/s-polarised
light. The mode has a Lorentzian lineshape in the ideal case, but disorder and thickness
inhomogeneities cause an additional broadening leading to a convolution of both. It can be
described by a Voigt function.
Excursus: Refractive Index of the Cavity Layer
The four quantities D, E si , Li and Ri are depending on the refractive index of the cavity
material. Knowledge of the dispersion of the pure cavity-photon mode proves to be
crucial for the analysis of the resonator modes. In order to model this, it is necessary to
know the refractive index of the ZnO layer without excitonic contributions, because the
faintest electronic oscillator would already cause coupling to the electronic system. So the
contributions from discrete excitons and from the exciton continuum in the band gap near
spectral range have been set to zero. The contribution of the exciton continuum to the DF
for larger energies (E ≥ 4 eV) was then replaced by an enhancement of the contribution
of the band-to-band transitions and an increase of the amplitude of the pole function [36].
The corresponding dielectric function perpendicular to the optical axis (ϵ˜⊥) is shown in
Fig. 2.11 for room temperature. The parallel component of the DF was not accessible by
ellipsometry due to the preferential c-plane orientation of the ZnO-cavity layer.
Concerning the detailed handling of the excitonic contributions to the refractive index
of ZnO another approach has been considered in literature: The simple assumption of
constant values for n and k above the bandgap [82]. From an outside perspective it is hardly
4TE =ˆ s and TM =ˆ p
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Figure 2.11: Dielectric function of the ZnO-cavity layer perpendicular to the optical axis with and
without excitonic contributions at room temperature from [36].
possible to decide which is the better or more correct method. For consistency reasons, the
approach established by C. Sturm shall be applied [36],[A6], as he already carried out very
detailed investigations on two of the samples common to his and the present work.
Moreover, this refractive index was used for all MCs in this work, disregarding different
growth conditions. This can be justified by the fact, that different growth conditions have
mainly impact on specific excitonic contributions, which however are withdrawn to get the
pure cavity layer refractive index. Even if a slight influence would remain it would just be
masked by a small deviation of the cavity thickness from the real value.
The ZnO-cavity layer in this work is preferentially c-plane oriented. This anisotropy
influences only the p-polarised component which “feels both”, perpendicular (n⊥) and
parallel (n∥), components of the refractive index. In contrast the s-polarised component only
interacts with n⊥. This asymmetric contribution by n∥ leads to an increase of the effective
cavity length in the case of ZnO (positive birefringence) and therefore to a decrease in
cavity mode energy and magnitude of the TE–TM-splitting [A5]. The anisotropy of the
cavity material has only a small impact on the reflectivity of the DBR, so the lifetime is
hardly changed compared to the isotropic case.
2.4 Light–Matter Interaction
The presence of ZnO as an active medium in the cavity leads to a coupling of the excitonic
to the cavity photon mode. If these two modes are brought into resonance, two cases can
arise depending on the lifetimes of the involved particles (photons and excitons) and on
their interaction strength.
2.4.1 Weak Coupling Regime (WCR)
In the WCR, the photon emitted into the cavity mode escapes from the cavity before it
can be reabsorbed and in turn form another exciton. The dispersions of the excitonic and
photonic mode are independent of each other and therefore remain unchanged. But the
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cavity photons decay irreversibly with an enhanced emission rate, described by the Purcell
factor:
P ∝ Q
Vmode
. (2.54)
As a criterion for weak coupling regime, the following relation holds [83]:
4V < |ΓX − Γcav| . (2.55)
Here, ΓX and Γcav are the homogeneous broadenings of the exciton and cavity-photon
mode, respectively. The increase of the emission intensity alone constitutes no proof for
the weak coupling regime, but the enhancement of the spontaneous emission rate by the
cavity does. In order to verify this, time-resolved experiments are mandatory.
2.4.2 Strong Coupling Regime (SCR)
In the SCR, the photon emitted – by the annihilation of an exciton – is reabsorbed and
creates an exciton before escaping from the cavity. The dispersions of both modes are
no longer independent of each other, but an anticrossing of the dispersion curves occurs
whenever they get in resonance (see Fig. 2.12a–c). This reversible energy transfer is
characterised by so-called Rabi oscillations. It gives rise to the formation of new quasi-
particles called exciton-polaritons, mixed states whose excitonic and photonic character
is described by the Hopfield coefficients. In the remainder of the present work, the terms
exciton-polariton and polariton are used synonymously.
Complementary to the above mentioned criterion for the weak coupling regime
(Eq. (2.55)), the strong coupling regime is reached if [83]:
4V > |ΓX − Γcav| . (2.56)
The general Hamiltonian to describe coupling between m cavity-photon modes and n
exciton modes is given by
H =

E˜X1 · · · 0 V11 · · · V1m
...
. . .
...
...
. . .
...
0 · · · E˜Xn Vn1 · · · Vnm
V11 · · · V1n E˜Cav1 · · · 0
...
. . .
...
...
. . .
...
Vm1 · · · Vmn 0 · · · E˜Cavm

, (2.57)
making use of complex values for the cavity-photon and exciton modes E˜i = Ei + iΓi.
Again only the homogeneous broadenings are taken into account. However in the lineshape
of both modes possesses also an inhomogeneous contribution, resulting in total in a Voigt-
shape. For the photonic mode, the homogeneous broadening describes the finite lifetime
because of R < 100 % of the DBR and the inhomogeneous contribution results from
so-called photonic disorder by surface roughness of the interfaces of the cavity layer. The
25
Chapter 2. Physical Basics
latter leads to a Gaussian distribution of cavity mode energies caused by the different local
cavity thicknesses of this microscopically rough topography. Analogous, the broadening
of the excitonic mode ΓX has an inhomogeneous part, too. It is caused by scattering of
excitons at impurities and defects or induced by strain (and grain boundaries).
The polariton energies are given by the eigenvalues of the Hamiltonian. In the planar
case, where the free spectral range is larger than the Bragg stopband width, only one cavity
photon mode is present. Assuming only one excitonic mode Eq. (2.57) is reduced to the
2× 2 matrix
H =
(
E˜X V
V E˜cav
)
, (2.58)
having two eigenvalues
E˜UPB/LPB =
E˜X + E˜cav
2
± 1
2
√(
E˜X − E˜cav
)2
+ 4V2 . (2.59)
They describe the dispersion of the so-called upper and lower polariton branch (UPB and
LPB) and are illustrated in Fig. 2.12a–c for different values of Ecav
(
k∥ = 0
)
and a given EX.
(a) (b)
(f)(d) (e)
(c)
D =-V D = +VD = 0
Figure 2.12: Dispersion of the two polariton branches and the uncoupled cavity photon and exciton
mode for negative (a), zero (b) and positive (c) detuning with a coupling strength V = 40 meV.
(d)–(f) the corresponding Hopfield coefficients of the LPB in (a)–(c).
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The quasi-particles are characterised by their respective fraction of the uncoupled
particles involved. This fraction is described by the squared amplitudes of the Hopfield
coefficients of the LPB [3]:
∣∣∣Xk∥ ∣∣∣2 = 12
1 + δ (k∥)√
δ(k∥)2 + 4V2
 , (2.60)
∣∣∣Ck∥ ∣∣∣2 = 12
1 − δ (k∥)√
δ(k∥)2 + 4V2
 , (2.61)
with δ(k∥) = Ecav(k∥) − EX(k∥), denoting the energetic difference between photonic and
excitonic mode as a function of the in-plane wave vector. A negative δ implies a more
photonic character for the LPB and a more excitonic character for the UPB, a positive δ
vice versa. Only for δ = 0 the excitonic and photonic fraction are equally distributed on
LPB and UPB, respectively (Fig. 2.12d and e).
Besides δ, a commonly used quantity is the detuning given by ∆ = δ(k∥ = 0), since the
characteristics of the polaritons at the ground state are important for BEC. For negative
∆, the LPB has a more photonic character for small k and the UPB a more excitonic one.
For higher in-plane wave vectors, the polariton branches exchange their behaviour. The
opposite is the case for positive detuning. The dispersions and Hopfield coefficients for
negative, zero and positive detuning are depicted in Fig. 2.12.
2.5 Bose–Einstein Condensation of Polaritons
Polaritons are mixed particles from photons and excitons, thus they inherit their bosonic
properties. Together with the 1D-confinement of the cavity-photons which provides a finite
energy state at zero in-plane wave vector (see Fig. 2.7b), this allows for BEC of polaritons.
Strictly speaking this is not possible in a 2D and perfectly uniform system because the
long-range order is disturbed by thermal fluctuations [78]. However an additional potential,
e.g. that given by the limited excitation spot in experiment or by mechanical stress applied
using a sharp tip [7], provides enough transverse confinement for recovering BEC at
a finite temperature. Another possibility to implement this additional confinement lies in
structuring of planar samples: µ-pillars have been etched in the workgroup of J. Bloch
already in 1998 [84], metal masks with holes were deposited onto MCs by the workgroup
of Y. Yamamoto [8, 85, 86] and mesas with a larger spacer layer have been fabricated by
etching in the workgroup of B. Deveaud [35, 87]. This last approach was also applied in
the present work.
For non-resonant excitation, the mechanisms taking place in the condensation process
are schematically depicted in Fig. 2.13. The optical excitation generates hot excitons,
which can relax by phonon-scattering into the so-called reservoir, providing the source for
polaritons at high in-plane wave vectors. These polaritons can energetically relax down
to a wave vector, where the curvature gets larger. This region is called bottleneck, where
further polariton relaxation is suppressed. The finite polariton lifetime prevents an efficient
occupation of the ground state.
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Figure 2.13: BEC: Non-equilibrium processes of injection, relaxation by scattering and decay lead
finally to a massive occupation of the ground state. Figure adapted from [36].
In order to achieve a massive occupation of the ground state, the bottleneck has to be
overcome. The commonly discussed relaxation mechanisms are: relaxation via polariton–
polariton and polariton–phonon scattering. In ZnO a negative detuning was found to be
crucial to yield BEC as will be shown in Chap. 2.5. A reason for that could be an effective
relaxation by optical phonons [19].
The relaxation of polaritons into the ground state is widely described by a semiclassical
Boltzmann equation. This treatment is valid until the threshold for condensation is reached,
where the model has to be extended in order to describe the coherent states.
The critical polariton density for the formation of a condensate is reached, when the
mean distance of polaritons is smaller than their thermal de-Broglie wavelength λdB:
ncrit × λddB ≥ 2.61 , (2.62)
with
λdB =
√
2π~2
mLPkBT
. (2.63)
Here d denotes the dimension of the system, mLP the effective polariton mass, kB the
Boltzmann constant and T the temperature of the polaritons.
Since excitons are composed by two fermionic particles, their density and in turn also
the exciton-polariton density cannot exceed a certain value, called saturation density nsat.
Above this density, the fermionic restrictions apply and destroy the SCR. The saturation
density is roughly [88]:
nsat ≈
(
0.14
aB
)3/2
. (2.64)
For ZnO-based MCs the critical exciton density for condensation is in the order of nc ≈
(1×1011−1.5×1013) cm−3 for T = (10−300) K and should saturate at nsat ≈ 1×1019 cm−3.
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2.5.1 Mean Field Theory
Under equilibrium conditions, i.e. the polariton lifetime is long compared to the relaxation
time, the condensate can be described by a mean-field theory. The history of this formalism
for atomic gases can be found in [89].
The dynamics of the condensate wave function is obtained from the general Gross–
Pitaevskii equation (GPE), e.g. adapted by Wouters et al. [90] in the following form:
i~
∂Ψ (r)
∂t
=
{
E0 − ~
2
2meff
∇2r
+
i~
2
[
R [ne(r)] − γc]︸                ︷︷                ︸
quasi steady−state
+ ~g |Ψ (r)|2︸     ︷︷     ︸
condensate interaction
+Vext(r) + Ve(r)︸︷︷︸
reservoir
}
Ψ (r) (2.65)
with E0 being the energy of the LPB at zero in-plane wave vector and meff the effective
mass of the LPB. The third term on the right hand side describes the typical mechanism
for this non-equilibrium BEC, namely the quasi steady-state by a balance of pumping and
losses in the system: R[nE(r)] is the gain rate by stimulated emission into the condensate
and γc the loss rate. The factor g describes the interaction of condensate polaritons with
each other. An external potential Vext is added, but also the potential produced by the
exciton reservoir Ve must be taken into account. The latter can be approximated up to first
order by Ve ≈ ~gene(r) + ~GP(r), where ne denotes the density of the excitonic states and
P the pumping rate. The quantities ge and G are the corresponding interaction constants.
This equation has to be coupled to a rate equation for polaritons in the reservoir [90]:
n˙e(r) = P(r) − γene(r) − R [ne(r)Ψ (r)]2 (2.66)
with γe being an effective relaxation rate.
Above threshold, the condensate energy is subject to a blueshift due to a potential,
summarised by the term “repulsive interaction of polaritons” in literature [78]. This can
comprise potentials arising from several effects [90]: The repulsive interactions
• within condensate polaritons,
• with excitonic states including the reservoir
• induced by the laser pump
create an antitrapping potential. This is described by three corresponding terms [90]:
∆E = ~(gρ + gene +GP) (2.67)
= ~
[(
g
γc
+G
)
P +
(
ge
γe
− g
γc
)
P0
]
, (2.68)
where the condensate density ρ is a linear function of P and g the interaction constant. The
reservoir density grows linearly with P and is clamped at the threshold value for P > P0.
The rates γc and γe determine the linear loss of the condensate and the effective relaxation
of the excitons, respectively.
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Assuming only an excitonic contribution to the blue-shift, the exciton density respons-
ible for the blueshift can be estimated within an order of magnitude via [88, 91, 92]:
nblue ≈ ∆E
15EbXa
3
B
. (2.69)
2.5.2 Effect of Spot Size and Disorder
The dynamics of polariton condensates are strongly influenced by the size of the excitation
spot as already shown by M. Richard et al. [93, 94].
In the case of a very small pump spot – in the order of several µm – the condensate
wave function can still be obtained in the region far outside the pump spot. In this region,
the condensate density is very small and polaritons are no longer subject to the repulsive
potential, so that the radial part of the GPE reduces to a linear Helmholtz equation of the
form
~
2m
∇2rψ +
(
ωc − ω0 + iγc2
)
ψ = 0 , (2.70)
where r denotes the diameter of the coherent condensate at the energy Ec = ~ωc [90]. The
solution is
Ψ (r) = H(1)0
(
k˜cr
)
(2.71)
with
k˜c =
√
2m
~
(
ωc − ω0 + iγc2
)
. (2.72)
For r → ∞, ψ decays exponentially with the spatial rate Im
[
k˜c
]
≈ γc/2vc and a propagation
speed vc = ~kc/m with kc being the real part of the condensate wave vector
kc = Re
[
k˜c
]
≈ √2m(ωc − ω0)/~ . (2.73)
The inverse of the spatial rate can be identified with a propagation length:
L =
2
γc
√
2~(ωc − ω0)
meff
. (2.74)
This propagation manifests itself by emission of the condensate above the LPB minimum
lying on the entire elastic circle with k = kc (see Fig. 2.14b). In experiment often only one
k-line is recorded (green line in Fig. 2.14b), leading to an image as depicted in Fig. 2.14a.
In the case of a large excitation spot5 the condensate is spatially inhomogeneously
accelerated and the emission (again above the LPB minimum) of the condensate has
a maximum for zero in-plane wave vector decreasing towards the dispersion of the LPB as
depicted in Fig. 2.14c. The emission intensity is directly related to the condensate density.
Modelling photonic disorder by assuming an external potential Vext in Eq. (2.65), this
distribution is modulated by irregular speckle-like spots coming from the interference of
condensate emission from different spatial positions shown in Fig. 2.14d [90].
5larger than the propagation length
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Figure 2.14: Distribution of the condensate emission for a small (a) and a large pump spot (c).
A continuous decrease of the emission with higher wave vector is seen in (c) whereas emission
appears spot-like at the LPB dispersion for (a). Figures (b) and (d) depict the momentum space,
where usually one line (green region in (b)) is measured experimentally. In (d) the effect of disorder
leads to a speckle-like emission. Figures have been taken/adapted from [90].
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Experimental
Starting with a brief description of the principles for pulsed laser deposition (PLD), more
details concerning the specificities of the used growth chambers are given. Further, the
applied techniques for structural characterisation and several optical spectroscopy methods
are described. Finally, additional techniques are summarised.
3.1 Sample Fabrication
3.1.1 Pulsed Laser Deposition
Pulsed laser deposition (PLD) is a physical vapour deposition technique [95]. A pulsed
UV laser is used to instantaneously evaporate and ionize ceramic material of choice from
targets consisting of pressed and sintered powders or single-crystals. The laser energy is
absorbed in the surface near region of the target, the material melts, evaporates and forms
a so-called plasma plume, which expands perpendicularly away from the target surface.
In conventional PLD setups this plasma condenses on a substrate mounted opposite the
target, leading to the growth of a thin film. PLD is a very versatile technique which can
be applied to almost any absorbing target material and provides large freedom in the
growth conditions. Compared to other methods such as atomic layer deposition (ALD),
metal-organic vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE), PLD is
inexpensive and fast and usually not hazardous as no additional chemicals are involved.
The stoichiometric transfer from the target to the substrate can be well controlled. However,
theoretical understanding and an exact modelling of the plasma plume is difficult due to
the highly non-equilibrium processes involved.
Twenty-five years of intensive research made PLD applicable to many different kinds
of structure synthesis: Common thin films can be deposited in epitaxial and non-epitaxial
growth modes [95]. Nanostructures in a vast variety can be synthesized. Heterostructures
like (multiple) quantum wells, superlattices, transistor structures and distributed Bragg
reflectors can be grown simply applying an in-situ target change.
Advances in the field of PLD brought by refinements in the past decades have been
summarised in the book edited by Eason [96]:
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• Picosecond and femtosecond pulses with high repetition rates have been applied to
omit droplet formation. The same improvement was achieved by so-called cross-
beam PLD where two plasma plumes collide under a defined angle. The gaseous
species are thereby redirected towards a suitably positioned substrate, while the
direction of droplets and other heavier species remains unchanged.
• Polymer films can be synthesized by resonant infrared PLD and matrix assisted
pulsed laser evaporation, omitting the destructive effect of UV lasers on organic
chemicals in the target.
• An improved stoichiometry of the thin films is achieved by application of mosaic
targets, which contain a sector consisting purely of the more volatile element used in
the target.
• Large-area PLD was developed to deposit homogeneous thin films on substrates
of several inches in diameter. This task is solved by scanning the laser across a tar-
get with even larger extent. Also an important and non-trivial issue is the tight
temperature control of the substrate needed to prevent inhomogeneous thin film
properties.
In the following, the specific setups and growth conditions for the samples, discussed in
this work, are presented. For all planar samples and DBR growth, the “S-chamber” of the
PLD facility was used. NW samples have been fabricated in the “Q-chamber” by M. Lange
and J. Zúñiga-Pérez.
3.1.2 S-chamber
All samples, except ZnO nanowires, have been grown in the S-chamber of the PLD facility
in the semiconductor physics group. Hereby, a pulsed laser beam from a KrF-excimer laser6
with a wavelength λ = 248 nm, a pulse energy of 150 mJ7 and a pulse duration of 25 ns
is focussed by a lense (focal distance f = 30 cm) and enters the growth chamber through
a quartz window. Figure 3.1 shows a schematic of the S-chamber. The angle of incidence of
the laser beam is 45◦ to the target normal. Targets are constantly rotated and eccentrically
shifted to yield homogeneous ablation and to allow for a long use of the target. Moreover,
the carving of a crater into the target would lead to a strong change of the plasma plume
direction and hence to a perpetual variation of the deposition rate, which is detrimental for
DBR growth. The target to substrate distance is about 9 cm and their surfaces are parallel
to each other. The substrate is shifted with respect to the axis of the plasma plume to avoid
droplets propagating perpendicularly to the target surface. The combination of this off-axis
position with the oxygen partial pressure – controlling the plasma plume’s expansion
and shape – define the substrate area, where homogeneous thicknesses are achieved. The
default substrate holder is designed for 10×10 mm2 substrates, holders for 2" and 3" wafers
are available. For a homogeneous layer deposition, the substrate must be rotated.
The deposition process is on the one hand strongly influenced by the substrate temper-
ature, which is governed by radiative heating. For this, a heating coil made of KANTHAL
6Excimer LPX305iF
7measured after the entrance window inside the chamber
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Figure 3.1: Schematic of the PLD S-chamber used for planar microcavity growth.
wire, protected by alumina tubes, is placed behind the substrate [97]. On the other hand,
the kinetic energy of the arriving particles is a crucial quantity. It can be governed by
the oxygen partial pressure in the chamber and by the position of the focusing lens. The
complex system of step motors, heater and also gas flows is controlled via a software
developed by H. Hochmuth.
The first attempts of YSZ growth have been executed with commercial targets contain-
ing 9 mol% Y2O3. All other targets have been mixed, pressed and sintered by G. Ramm
(diameters (23 − 25) mm). YSZ targets were made from ZrO2 with 9 mol% Y2O3. The
ZrO2 and Y2O3 powders have 99 % and 99.99 % purity, respectively, and the targets have
been sintered at 1700◦C for 6 h. The Al2O3-target powders have 99.99 % purity and have
been sintered at 1650◦C for 6 h. ZnO-Targets have high purity of 99.9995 % and have been
sintered at 1150◦C for 12 h. All targets have been pretreated under growth conditions by
applying 40 000 laser pulses.
An important issue for the growth of DBR is the parasitic deposition of target material
onto the entrance window of the growth chamber. This material slightly absorbs laser
intensity and therefore slightly reduces the deposition rate that depends on the intensity
arriving at the target. This absorption is due to YSZ, which is deposited in the amorphous
phase as the temperature of the UV window is significantly smaller than the substrate
temperature. Therefore, the transition in the bandgap near region is broadened, so that
even if the bandgap of YSZ is larger than the KrF laser energy of 5 eV an absorption tail is
present. With the originally installed protection, consisting of a simple shield with a hole
located between window and target, still an increase of the applied pulse numbers of about
1 % from layer-pair to layer-pair was needed, to compensate the increasing absorption.
In order to minimise the deposition of target material onto the quartz entrance window,
a completely closed, stainless steel pipe with only a small aperture was designed. This
aperture was adjusted in size to the dimension of the laser spot (see Fig. 3.1). With this
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Table 3.1: PLD growth parameters for the two DBR materials and ZnO.
YSZ Al2O3 ZnO
amorphous crystalline amorphous crystalline amorphous crystalline
TS(◦C) 150 650 150 650 150 600-650
p(O2) (mbar) 0.002 0.02 0.002 0.002 0.002 0.002
rep. rate (Hz) 15 15 15 15 5 5
fluence (J/cm2) 2 2 2 2 1.7 − 2 0.7 − 3
device a constant deposition rate is achieved with an enhancement factor being only in the
order of 0.1 %. As will be shown in Sect. 4.1.3, this alteration even enabled the growth of
several DBR in a series, without removal and cleaning of the entrance window.
For a long-term use of the target by avoiding crater formation, it is recommendable to
position its center8 as exactly as possible into the center of the laser beam. This provides –
by choosing the right eccentricity parameters of the target manipulator – a uniform ablation
of the target with minimal crater formation. It has to be emphasized that due to the finite
size of the target, the formation of a crater cannot be completely avoided, the reason being
the formation of a rim close to the edge of the target when material is ablated.
The growth parameters may freely be chosen within the following limits: The maximum
heating power was limited to PH = 575 W, i.e. substrate temperatures TS between room
temperature and about 650◦ can be chosen. The base background pressure is pbase =
3 × 10−4 mbar, then oxygen with a purity of 99.998% is used as background gas at partial
pressures pO2 = (2×10−1−3×10−4) mbar. For the growth of ZnO the laser fluence has been
varied between (0.7 − 3) J/cm2 with a repetition rate of 5 Hz, for DBR materials 2 J/cm2
and 15 Hz was chosen. The finally applied growth conditions for the DBR materials are
summarised in Tab. 3.1, together with the range, where ZnO optimisation was carried out.
A standard PLD process consists of three steps:
1. Evacuation of the chamber to a base pressure of pbase = 3 × 10−4 mbar and heating
to the desired growth temperature at the desired oxygen process pressure (60 min)
2. Deposition, starting with 200 pulses for a nucleation layer and growth of test struc-
tures, DBR or cavity layer (0 − 10) h,
3. Ventilation with oxygen and (passive) cooling (0 − 60) min depending on the growth
temperature.
3.1.3 Q-chamber
In contrast to conventional PLD processes, the growth of ZnO nanostructures is carried
out under low-vacuum conditions. The growth chamber used for this purpose consists of
T-shaped quartz tube. The pulsed beam from the KrF excimer laser enters the chamber
via the lower part of the T and is focused onto the curved side surface of the ZnO target
(see Fig. 3.2). An additional argon gas flow with a pressure of about 100 mbar supports the
transport of the ablated material across the substrate, whose plane is arranged parallel to
8in home-position, i.e. with target shift set to be zero
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Figure 3.2: Schematic of the low-vacuum PLD setup (Q-chamber) used for ZnO nanowire growth
(adapted from [98]).
the direction of plasma plume and gas flow. The NW are forming on nucleation seeds on
the substrate. Deposition on a clean sapphire substrate leads to dense meadow-like growth
of NWs, whereas low-density growth may be obtained by providing sapphire substrates
precovered with a rough ZnO-layer. The density and diameter of the ZnO nanowires are
controlled by the substrate-to-target distance, and therefore vary also as a function of the
position on the substrate.
3.2 Structural Analysis
3.2.1 Atomic Force Microscopy
Atomic force microscopy (AFM) was demonstrated for the first time by Binnig et al. [99] in
the middle 1980s, being an advancement of the profilometer, allowing for the measurement
of the sample topography on the atomic scale. This technique is based on the electromag-
netic interactions between a sharp tip – usually made of SiC and mounted on a cantilever –
and the surface of a sample. These interactions can be detected by the deflection of a control
laser beam, which is reflected on the upper side of the cantilever and is detected by an array
of photodiodes (see Fig. 3.3). The so-called intermittent contact mode additionally uses
a sinusoidal oscillation of the cantilever close to its resonance frequency. This resonance
frequency depends on the cantilever’s geometry and lies in the range (200 − 400) kHz
for the ones used in the present work. The tip–surface interaction leads to a change in
amplitude and phase of the oscillation. A feedback-loop continuously adjusts the height z
above the sample by a piezo actuator in order to keep the amplitude constant. This control
voltage is then converted into the height profile of the sample [100, 101]. In this work
a Veeco Dimension3000 equipped with cantilevers (type Nanosensors PointProbePlus -
NCHR) was used. Default areas of 1 × 2 µm2 have been scanned. The obtained images
have been processed and analysed with Gwyddion [102] to obtain average (a) and root
37
Chapter 3. Experimental
(a) (b)
Figure 3.3: Atomic force microscopy: Oscillating cantilever in the intermittent contact mode far
above (a) and close to (b) the sample surface (images taken from [100]).
mean square (rms) roughnesses, which are defined by
Ra =
1
N
N∑
i=1
|zi − z¯| (3.1)
and
Rrms =
√
1
N
N∑
i=1
(zi − z¯)2 , (3.2)
respectively. z¯ represents the average height and N is the number of acquired data points.
3.2.2 X-Ray Diffraction
All X-ray diffraction spectra have been measured with the wide angle goniometer of
a Philips Analytical Materials Research Diffractometer (type X’Pert). Cu-Kα radiation
with λKα = 0.1542 nm is diffracted by the lattice planes of the sample generating reflexes
of constructive interference if the Bragg equation holds [103]:
nλKα = 2dhkl sin θ , (3.3)
where n is the diffraction order, dhkl the spacing between adjacent lattice planes and θ the
angle of incidence. A smaller FWHM(2θ) of an obtained reflex indicates larger crystals and
therefore better crystallinity. A complete absence of reflexes in the XRD spectra implies
that the material is X-ray amorphous, i.e. the size of the crystallites in the sample reaching
at most the nm-range.
Rocking curves have been measured by scanning the detector for fixed θ. The measured
FWHM(ω) corresponds to the FWHM of the tilt angle distribution of the crystallites with
respect to the substrate normal. Smaller FWHM(ω) indicates a better alignment of the
crystallites with respect to each other.
The origin of the reflexes was determined with the XRD database PCPDFWIN v.2.00
from JCPDS [43].
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3.3 Spectroscopic Methods
3.3.1 Spectroscopic Ellipsometry (SE)
For reliable and direct measurements of reflectivities above 99 % still very sophisticated
setups are required. This obstacle can be circumvernted applying spectroscopic ellipso-
metry. In this work, SE was extensively used for the determination of DFs and thicknesses
for DBR and cavity layers. Furthermore, the determination of the phase spectra by SE
allows without any fitting routine to deduce the energetic positions of the DBR stopbands
with respect to each other [A7].
Ellipsometry determines the change of polarisation of light upon interaction with
a sample [67]. The relative phase difference between s- and p-polarised wave is very sensit-
ive in contrast to a pure intensity measurement. With this, in the meantime well-established,
technique layer thicknesses and optical constants of materials can be determined. The
change of the polarisation state can be determined by the Jones-Matrix formalism (see
Sect. 2.2.4). The incident and reflected light is described by Jones vectors and the complex
reflection coefficients of the sample are written in form of a 2× 2 matrix:(
Bp
Bs
)
=
(
rpp rsp
rsp rss
) (
Ap
As
)
. (3.4)
Here, Ap and As are the amplitudes of the electric field of the incident wave and Bp and Bs
of the reflected wave, respectively, with polarisation parallel (p) and perpendicular (s) with
respect to the plane of incidence (see Fig. 3.4). The off-diagonal elements of the sample
matrix are zero, because the materials used in this work are either isotropic or have their
optical axis along the surface normal. Therefore the change of the polarisation state is
simply expressed by:
ρ =
r˜p
r˜s
= tanΨei∆ =
Ap
Bp
Bs
As
, (3.5)
being the basic equation of ellipsometry.
Two different ellipsometer types have been used:
1. A VASE ellipsometer (J.A. Woollam Co., Inc.) operating in the spectral region
(0.75 − 5) eV. The light of a Xenon lamp is passed to a monochromator and an
optical fiber and is parallelised before its polarisation state is prepared by a polariser
and compensator optics. Wavelength-by-wavelength the light is irradiated onto the
sample, where its polarisation is changed upon reflection, which is determined by
a rotating analyser with a subsequent tandem semiconductor detector. When the
cryostat for this ellipsometer is used, the window entrance ports restrict the angle of
incidence to 70 ◦. As the light is spectrally decomposed for the measurement, the
spectral resolution can be adjusted to the needs of the sample.
2. For fast measurements an M2000 ellipsometer (J.A. Woollam Co., Inc.) was used.
The main task was the determination of the current deposition rate as a fast feedback
for the growth process. In this ellipsometer, the white light in the range of (0.73 −
3.24) eV passes a rotating compensator and a fixed polariser. The reflected light
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Figure 3.4: Schematic of ellipsometry in reflection geometry. The electric field amplitudes for
incident and reflected light are denoted as A and B for polarisation parallel (p) and perpendicular
(s) to the plane of incidence.
is analysed in its polarisation state and guided to a monochromator with a charge
coupled device (CCD) camera. The major drawback is the spectral range, as the
bandgap near region of ZnO is just out of reach.
3.3.2 Photoluminescence Spectroscopy
The microcavities were investigated by photoluminescence spectroscopy. For the determin-
ation of the dispersion of the exciton-polariton branches, an angular resolved photolumin-
escence spectroscopy and excitation (AROSE) setup was used. A schematic of the setup is
shown in Fig. 3.5.
Samples are excited out of plane under a fixed angle of 20◦ by a cw-HeCd laser with
the wavelength λ = 325 nm. The laser light is focused by a lens ( f = 300 mm) onto the
sample which was placed in a He-flow cryostat (T = (10 − 290) K, the latter mounted
on x-y position controllers. The focus on the sample (z-axis) is adjusted by hand with
a micrometer screw. The emitted light is collected and parallelised by a lens ( f = 300 mm,
solid angle ≈ 1 × 10−3 sr) and passed through a polariser before being coupled into a
600- µm optical fibre. All these optical devices are mounted onto a goniometer arm in order
to detect the emitted light in dependence on the angle of emission. The fibre guides the
light to the spectrometer (focal length 320 mm) equipped with a CCD camera. The laser
light intensity irradiating the sample is adjusted using a photo diode (PD).
The particular angle-dependent characteristics of the experimental setup influence the
intensity of the PL spectra. The intensity for a certain emission angle is therefore corrected
by the intensity of the PL from a c-plane oriented ZnO bulk single crystal measured at
the same angle and normalised to the spectrum for normal emission. The choice of this
reference sample has two reasons: First, the luminescence energy of ZnO naturally lies
within the spectral region of interest of ZnO-based MCs. Second, as a bulk material, its
luminescence should be independent of the emission angle.
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Figure 3.5: Schematic of the setup for Angular Resolved Photoluminescence Spectroscopy and
Excitation (AROSE) [36]. The white light for reflectivity measurements is guided by goniometer
arm E1, the excitation laser by arm E2. A photodiode (PD) is used to measure the excitation power.
The reflected or emitted light is guided by the detection arm to the monochromator with CCD.
Spatially resolved PL measurements were carried out with a standard µ-PL-setup. The
used objective has a numerical aperture of 0.42, the minimal excitation spot is 1 µm in
diameter.
3.3.3 Reflectivity Measurements
For the reflectivity measurements with the AROSE setup, the laser was replaced by the
light of a Deuterium lamp (30 W), which was guided into the optics mounted onto a second
goniometer arm for angularly resolved measurements from 6◦ − 70◦. The recorded re-
flected light is influenced by the spectral characteristics of the setup, especially by the
beam displacement due to the cryostat window. Further, the varying intensity of the lamp
spectrum has to be considered. Therefore the raw spectra have to be normalized again
using a reference sample. To take these effects into account the procedure, established
by C. Sturm was applied [36]: as a reference sample a silicon bulk single crystal with
a thermal oxide layer of thickness dSiO2 ≈ 13 nm was chosen. The reflectivity spectrum
(Rsample) of the sample of interest is then given by:
Rsample(E) =
Isample(E)
Iref(E)
Rref(E) . (3.6)
Isample and Iref denote the recorded intensity reflected by the sample and the reference,
respectively, whereas Rref denotes the reflectivity of the reference sample calculated by
a two layer model (Si substrate and SiO2) using a 2× 2 transfer matrix technique.
Spatially resolved reflectivity measurements were performed using the µ-PL-setup, by
replacing the HeCd-laser with a Deuterium lamp. A silver mirror was used as reference
sample.
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3.3.4 Fourier Imaging
As high cw-excitation led to a heating of the sample as shown by C. Sturm [36], PL
measurements using non-resonant and pulsed excitation have been performed. They were
carried out in the group of N. Grandjean at Ecole polytechnique fédérale de Lausanne
(EPFL). For this, the sample was excited using a pulsed Nd:YAG laser at 266 nm with
a repetition rate of 8.52 kHz and a pulse length of 500 ps. The laser light is focused down
onto a circular spot area of about 10 µm2 and the emitted light was detected confocally and
guided to a monochromator (IHR 320) with a spectral resolution of 400 µeV. So-called
Fourier images have been recorded by imaging the photoluminescence signal from the
Fourier plane onto the CCD (see Fig. 3.6), so that the spectral PL intensity distribution
vs. wave vector k (angular range ±33◦) is detected. The accessible angular range is quite
restricted by the used numeric aperture of 0.55 of the objective. Therefore, in order to
describe the dispersion of the LPB, input data from the AROSE setup have been used.
Figure 3.6: Principle setup for the imaging of the Fourier plane onto the CCD, yielding maps of
emission angle (in-plane wave vector) vs. energy with one shot. Figure taken from [104].
3.4 Additional Techniques
Some additional methods have been employed within the frame of this work, either to
process the samples or to do further structural or optical characterisation. The following
list gives a short overview of these techniques, the tasks for which they have been applied,
the respective main parameters, and finally the collaborators.
• Scanning electron microscopy and preparation of cross-sections by focused ion beam
were carried out by J. Lenzner and G. Zimmermann using a FEI Novalab200. In this
setup, e− and Ga+-ions are accelerated by (5 − 30) kV.
• Transmission electron microscopy images were done by G. Wagner.
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• The mesa samples have been structured by means of photolithography by M. Hahn
and A. Fritsch.
• Room temperature cathodoluminescence (CL) measurements were carried out by
J. Zippel. The electron beam was accelerated by a voltage of 4 kV resulting in
a current of 200 pA. The CL signal was analysed by a monochromator with the slit
width adjusted to 200 µm and a 150-line diffraction grating.
• Time-resolved PL measurements were carried out by T. Michalsky under guidance
of A. Müller and M. Stölzel. The sample was cooled down to T = 2 K in a Helium
flow cryostat. A pulsed Ti:sapphire laser was used as an excitation source. The PL
signal was guided to a monochromator (HR 320) and single photons are detected
with a microchannel plate photomultiplier. The default time resolution of the setup
is 20 ps.
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Growth and Properties
of Microcavity Materials
In this chapter the basis for the growth of MCs is given. The two necessary constituents,
namely the DBR and its materials and ZnO as cavity material, are discussed. In the first
part the optimisation of the DBR materials – YSZ and alumina – and their structural
and optical properties are described. The successful growth of highly reflective DBR is
demonstrated [A8]. In the second part, the growth of the cavity material on substrates as
well as on 2.5 pair DBR test structures is presented and the main conclusions for further
growth strategies are drawn.
4.1 Distributed Bragg Reflectors
The accessible temperature range in the provided PLD system is insufficient for the growth
of epitaxial DBR using YSZ and alumina. Discarding this unattainable goal, the layers
have therefore been optimised concerning their crystallinity: Non-epitaxial but crystalline
thin films are usually rough. The smoothness of the obtained thin films must nevertheless
fulfill the requirements for a sufficiently large photonic lifetime or quality factor in the MC
(see Sect. 2.39). In other words, the available parameter space has to be sampled to find
points with a suitable trade-off between crystallinity and roughness. This space is spanned
by the substrate temperature and the oxygen partial pressure. The investigated samples are
summarised in Tab. 4.1.
4.1.1 Growth Conditions
4.1.1.1 Yttria-Stabilised Zirconia
Two series of single layers from YSZ were grown on c-sapphire substrates. In the first
series (YS01–YS05) the oxygen partial pressure of 2 × 10−3 mbar was applied and the
heater power was varied between (30 − 620) W respective substrate temperatures between
TS = (150 − 650)◦C. These samples have layer thicknesses between 54 nm and 68 nm
apart from YS05 with 40 nm, which is in the range of a quarter wavelength used later in
DBR. XRD measurements show that all layers are in the cubic phase with main orientation
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Table 4.1: Single-layer samples on c-plane oriented sapphire substrates for the optimisation of the
growth conditions for DBR, varying the oxygen partial pressure pO2 and the heater power of the
substrate holder PH respective substrate temperature TS. The asterisk ∗ denotes YSZ-layers made
from a commercial target.
name structure pO2 PH/TS pO2 PH/TS
[mbar] [W]/[◦] [mbar] [W]/[◦]
YS01 YSZ∗ 2 × 10−3 575/650
YS02 YSZ∗ 2 × 10−3 475/590
YS03 YSZ∗ 2 × 10−3 375/50
YS04 YSZ∗ 2 × 10−3 200/400
YS05 YSZ∗ 2 × 10−3 30/150
YS06 YSZ∗ 2 × 10−1 575/650
YS07 YSZ∗ 2 × 10−2 575/650
YS08 YSZ∗ 2 × 10−3 575/650
YS09 YSZ∗ 3 × 10−4 575/650
YS10 YSZ 2 × 10−1 575/650
YS11 YSZ 6 × 10−2 575/650
YS12 YSZ 2 × 10−2 575/650
YS13 YSZ 6 × 10−3 575/650
YS14 YSZ 2 × 10−3 575/650
YS15 YSZ 3 × 10−4 575/650
AS01 YSZ∗/Al2O3 2 × 10−2 575/650 2 × 10−2 575/650
AS02 YSZ∗/Al2O3 2 × 10−2 575/650 2 × 10−3 575/650
in (111)-direction, the only exception being the sample grown at 150 ◦C, which is XRD-
amorphous as no reflex appeared. A negligible reflex for the (200)-orientation is visible on
a logarithmic scale for some YSZ layers. In Fig. 4.1a rocking curves for the (111)-reflex of
all samples are shown. The higher the substrate temperature the more intense is the reflex
and the smaller are the obtained FWHM values (Fig. 4.1c). At higher substrate temperature,
particles arriving at the substrate have more energy to diffuse along the surface. This leads
to a better quality of the thin film, better in terms of larger crystals and better alignment of
the crystallites as quantified by the FWHM. In Fig. 4.1c also rms roughness values from
AFM scans of these samples are shown. The enhanced crystal quality goes along with
a higher roughness for increasing temperature.
The second series (YS06–YS09) was grown at the highest substrate temperature of
650 ◦C varying the oxygen partial pressure. In Fig. 4.1b XRD rocking curves are shown
with FWHM values depicted in Fig. 4.1d as black triangles. The smallest FWHM is
achieved for sample YS06 grown at the highest oxygen partial pressure. The corresponding
AFM image shows an average grain size of about 40 nm, being a factor of two larger than
for the other samples, indicating the transition to a more island-like growth mode. This
finding is confirmed by additional samples (YS10–YS15), where a different YSZ target9
was used. These thin films show no significant deviation from the behaviour found in the
9a custom YSZ-target, instead of the commercially available one, having the same nominal composition
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Figure 4.1: XRD rocking-curves of the YSZ(111)-reflex of YSZ single layers for different substrate
temperatures at an oxygen partial pressure of pO2 = 2 × 10−3 mbar (a) and for different oxygen
partial pressures at a substrate temperature of TS = 650◦C (b). The FWHM(ω) obtained from
rocking curves in (a) and (b) are depicted as black triangles in (c) and (d), respectively, together
with the rms roughness from the corresponding AFM images shown as red symbols. Black circles
have been obtained from a series using a different target, see text. The lines are guides to the eye.
first pressure-dependent series. Compromising between a good crystal quality and a smooth
surface, an oxygen partial pressure of 2 × 10−2 mbar is chosen together with a substrate
temperature of 650 ◦C.
4.1.1.2 Alumina
The growth of alumina by PLD has already been investigated in detail by J. Sellmann [33].
He applied the same oxygen partial pressure of 2×10−3 mbar and the substrate temperature
of 650 ◦C for both materials. The growth conditions for alumina have not been further
studied in this work, as the structural properties of the alumina layers are not accessible
by XRD due to the strong reflex coming from the sapphire substrate. TEM investigations
could only be provided for selected samples (see Sect. 4.1.5).
Nevertheless, two samples have been grown in order to investigate the effect of an
oxygen partial pressure of 2 × 10−2 mbar (AS01), as applied for YSZ layers, on the surface
roughness of alumina compared to the standard conditions of 2 × 10−3 mbar (AS02). For
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these samples, a YSZ layer of 60 nm was grown at the above described optimum conditions
and then an alumina layer of approximately the same thickness was deposited at TS =
650 ◦C and applying the two different pressures. However, the higher pressure leads to an
rms roughness of 0.9 nm, being more than a factor of two larger than the roughness obtained
for the sample grown at the lower pressure, applied by J. Sellmann [33]. Further, RHEED
experiments have been carried out by H. Hochmuth, but have been strongly disturbed by
the charge accumulation on the surface of the electrically insulating alumina layer and no
hint for reflexes could be seen.
In summary, the growth parameters for alumina layers in planar DBR are a substrate
temperature of 650 ◦C and an oxygen partial pressure of 2 × 10−3mbar.
4.1.1.3 Layer Stack
Figure 4.2a shows AFM line scans and XRD data for layer stacks of the DBR materials
with a different number of layer pairs N. The samples are summarised in Tab. 4.2. The first
YSZ and the first alumina layer are quite smooth, the second YSZ layer is slightly rougher.
For a number of layer pairs greater or equal to 2.5, there is no significant trend visible for
the dependence of the surface roughness on the number of pairs. A remarkable difference
is rather seen for the two 10.5 pair DBR, which is caused by the ablation state of the target.
The target used for BR02 was well used, whereas the target was completely new and just
pre-sputtered before the growth of BR03. The material of the surface-near region of a new
target is less dense compared to the bulk material. The plasma plume formed on the new
target surface contains more particulates due to the larger penetration of the laser pulse
into the target [96]. The softer texture of the surface of a new target leads probably also to
a less directed plasma plume. This is supported by the deposition rate, which was found to
be reduced by 12 % compared to the target in top condition used for BR02.
A real trend is also lacking for XRD data depending on the number of pairs (Fig. 4.2b).
The obtained FWHM values from rocking curves are in the range of 1.9 ± 0.1◦, when the
target state is good. However, the FWHM for the 10.5 layer-pair DBR BR05 was found to
be 2.8◦. This sample was grown as the last sample before the target was changed. The crater
(a) (b)
Figure 4.2: AFM profiles (a) and 2θ–ω-scans (b) as a function of the deposited layer pairs.
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Table 4.2: Samples consisting of different numbers of layer pairs YSZ/Al2O3 for the analysis of
roughness and crystallinity as a function of the deposited layer-pairs and 10.5 layer-pair DBRs for
the investigation by spectroscopic ellipsometry. The influence of annealing (a) was investigated
on a 7.5 layer-pair DBR. The applied oxygen partial pressure was pO2 = 2 × 10−2 mbar for YSZ
and pO2 = 2 × 10−3 mbar for Al2O3, the substrate temperature was 650 ◦C (PH = 575 W) for both
materials.
name layer pairs name layer pairs name layer pairs
Y3 0.5 BR02 10.5 BR07 10.5
AS03 1 BR03 10.5 BR08 10.5
YAY3 1.5 BR04 8.5 BR09 10.5
TS01 2.5 BR05 10.5 BR10 7.5
BR01 5.5 BR06 15.5 BR10a 7.5
formation towards the end of the target lifetime leads to an inhomogeneous deposition rate,
which probably causes this worse crystal structure.
In conclusion, the state of the target strongly influences the morphology and crystallinity
of the deposited thin films. This effect is more pronounced than any influence of the number
of layer pairs on the surface roughness and FWHM of the rocking curves. The optimisation
processes for ZnO-cavity layers can therefore be carried out with high accuracy and
efficiency on 2.5 layer-pair samples. These are always available as a by-product of the
calibration runs performed prior to the actual DBR growth (see also Sect. 4.1.3).
4.1.2 Dielectric Function
4.1.2.1 Multi-Sample Fit
For the design and fabrication of DBR knowledge of the refractive indices or rather the
DFs of the two materials is essential. Furthermore, the DFs are a necessary input parameter
for the analysis of the ellipsometry spectra of DBR in order to calculate the respective
reflectivity from layer stack model analysis. Finally, they must be provided as input for the
calculation of the mode spectra.
The determination of the DF was done by spectroscopic ellipsometry (SE) in the energy
range (0.75− 5) eV. The SE data have been analysed by a so-called multi-sample-fit (MSF)
of several single- and multi-layer samples. Assuming the same DF for identical material,
the correlation between layer thickness and refractive index can be circumvented. The
layer stack model starts with the c-plane sapphire substrate, whose DF is modelled by
a uni-axial DF for sapphire single crystals taken from literature [105]. In order to model
the DF of the DBR materials a Cauchy model was used (see Sect. 2.2.6.1). The surface or
interface roughness of each layer is simulated by an effective medium approach (EMA)
of Bruggemann type [106]. Therein a mixing ratio of adjacent materials’ DFs of 1:1 is
assumed, taking void as the second material for the surface layer.
The samples for the SE analysis are summarised in Tab. 4.3. The samples ending on
“1” and “2” are grown in three steps and have been analysed by SE after each step. The
samples ending on “3” have the thicknesses, which are close to the ones being used in the
49
Chapter 4. Growth and Properties of Microcavity Materials
Table 4.3: Single- and multi-layer samples of YSZ/Al2O3 for the determination of the DF by
spectroscopic ellipsometry applying a multi-sample fit. The applied oxygen partial pressure was
pO2 = 2 × 10−2 mbar for YSZ and pO2 = 2 × 10−3 mbar for Al2O3, the substrate temperature was
650 ◦C (PH = 575 W) for both materials.
name structure name structure name structure
Y1 YSZ YA1 Y1 + Al2O3 YAY1 YA1 + YSZ
Y2 YSZ YA2 Y2 + Al2O3 YAY2 YA2 + YSZ
Y3 YSZ YA3 YSZ/Al2O3 YAY3 1.5 × YSZ/Al2O3
DBR for a central energy of about 3.3 eV and have been fabricated in one run as they were
also used for AFM and XRD studies.
It turned out, that the first layers show slightly different optical properties. Consequently,
the SE investigations of the first layers have been carried out after the deposition of each
layer. The DFs of all alumina layers were found to have similar properties as well as all
YSZ layers apart from the first one.
4.1.2.2 First YSZ Layer
Three YSZ thin films have been grown on sapphire substrates applying 10000, 7500 and
5000 pulses (Y1, Y2 and Y3). The MSF of these samples gives thicknesses of (112 ±
3) nm, (86 ± 2) nm and (54 ± 2) nm, respectively. This corresponds to a deposition rate of
approximately 10 nm/min. In the model a rather high surface roughness of Y3 had to be
taken into account. However, the surface properties do not significantly alter the obtained
refractive index. The correlation matrix shows strong correlation of 90 % of the Cauchy
parameters with each other but less than 30 % correlation of the Cauchy parameters with
the layer thickness. Therefore, the correct refractive index for the first YSZ layer, depicted
in Fig. 4.3, can be extracted. The Cauchy parameters are given in Tab. 4.4.
4.1.2.3 Alumina Layers
For the determination of the DF of the alumina layers, thin films have been deposited
on Y1 and Y2, applying 5000 and 7500 pulses, respectively, and a third structure grown
in one run, applying 4100/3300 pulses for YSZ/Al2O3, respectively. The corresponding
Al2O3 layer thicknesses are (79 ± 2) nm, (117 ± 3) nm and (50 ± 1) nm, corresponding to
a deposition rate of about 14 nm/min. Due to the large bandgap of alumina, the curvature
of the refractive index dispersion in the investigated spectral range is very small, therefore
the Cauchy parameter C was set to zero. In the model analysis of the samples YA1 and YA2,
a thickness decrease of the underlying YSZ layer of about 1 nm must be allowed to obtain
the best fit. This can be caused by the desorption of some monolayers of YSZ during the
60 min heating time at pO2 = 2×10−2 mbar prior to the deposition of Al2O3. The correlation
of the thicknesses of the interface EMA layer with the neighbouring YSZ and Al2O3 layers
is 99 %. Therefore the interface EMA layer was not used in the model analysis of the layer
stacks in the following. Again a high correlation between the Cauchy parameters A and B
exists, but the correlation between layer thickness and A or B is below 30 %. The obtained
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Figure 4.3: Refractive index determined for the first and second YSZ-layer and the first Al2O3-layer.
All additional YSZ- and Al2O3-layers of the DBRs have the same optical properties.
Table 4.4: Cauchy parameters A, B and C obtained from of multi-sample fit of YSZ- and Al2O3-
layers.
layer type A B (10−2 µm2) C (10−4 µm4)
YSZ (1st) 2.14 ± 0.02 1.48 ± 0.02 6.2 ± 0.3
YSZ (2nd, 3rd, . . . ) 2.13 ± 0.02 1.45 ± 0.02 6.2 ± 0.3
Al2O3 1.70 ± 0.02 0.57 ± 0.01 0
refractive index for the Al2O3 layer, also depicted in Fig. 4.3, is described by the Cauchy
parameters listed in Tab. 4.4.
4.1.2.4 Further YSZ Layers
Additional 22500 and 7500 pulses have been applied for the deposition of YSZ on YA1 and
YA2, respectively, and a third sample applying 4100/3300/3910 pulses for YSZ/Al2O3/YSZ
was grown. The topmost YSZ layer thicknesses are (232±5) nm, (75±2) nm and (48±1) nm.
These values again can be determined independently of the Cauchy parameters which
have the values summarised in Tab. 4.4. AYSZ2 is slightly smaller compared to the first
YSZ layer by about 0.5 %. The first YSZ layer – grown on the sapphire substrate – shows
a slightly higher refractive index, possibly due to better crystallinity. The refractive index
of the second YSZ layer is shown in Fig. 4.3.
4.1.3 Growth and Optical Analysis
For the growth of high-quality DBRs an exact control of the layer thicknesses is necessary.
An obstacle for the reproducibility of DBRs is crater formation in the used targets, that can-
not be completely circumvented. After application of about 900 000 pulses (corresponding
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to the growth of about 20 DBR) the target can no longer be used for DBR growth with a pre-
cise thickness control due to the inhomogeneous deposition rate, leading to an inacceptable
deviation of the central energy of the stopband. Some additional imperfections complicate
matters further: First, the density of the sintered target material is not completely homo-
genous. Second, the protection of the laser entrance window by the additional aperture
(see Fig. 3.1) is not good enough to completely omit parasitic deposition of target material
onto the window. In order to remove this coating, the window has to be cleaned. This in
turn requires the removal of the focusing lense, whose position cannot be exactly restored.
To get rid of all these inconveniences, each alone having a small impact but a considerable
effect as a whole, test structures consisting of 2.5 layer pairs have been deposited prior to
each DBR growth. These structures are then analysed by means of SE – using the M2000
ellipsometer – to determine the current deposition rate. Applying this strategy, DBRs could
be fabricated yielding a typical tolerance of the central energy of the stopband of about
15 meV being rather small compared to the stopband width of the DBR of 500 meV.
However, the optical thickness of a layer pair in the 2.5 layer-pair test structure must
not be too far away from the desired optical thickness of the layer pair in the DBR. As
an example, DBR growth for an energy at maximum reflectivity of 3.3 eV shall be dis-
cussed. For this, the test structure TS02 and three 10.5 layer-pair DBRs (BR07–BR09) have
been consequently grown without cleaning the laser entrance window inbetween. These
samples are also listed in Tab. 4.2. The layer thicknesses of TS2 deviated by +6 % from
the desired thicknesses. This led to a deviation of the desired energy of −60 meV for BR07
as determined immediately by analysis of ellipsometry data using the M2000 ellipsometer.
Corrected pulse numbers have then been applied to BR08, yielding an energetic position of
3.289 eV. Applying the same pulse numbers to BR09 an energy of 3.293 eVwas obtained,
indicating a slight decrease of the DBR thicknesses. This finding further demonstrates the
importance of the additional aperture in the growth chamber.
Reflectivity spectra of the DBR have been obtained by means of spectroscopic el-
lipsometry. The experimentally obtained Ψ and ∆ spectra of a typical 10.5 layer-pair
DBR (sample BR08) measured for two angles of incidence, 60◦ and 70◦, with the VASE
ellipsometer are shown in Fig. 4.4a and b. The layer stack model for the analysis starts
with the c-plane sapphire substrate, whose DF is modelled by a uni-axial DF for sapphire
single crystals taken from literature [105]. It is followed by 11 and 10 alternating layers
of YSZ and Al2O3, respectively, with the respective DFs determined from single layers
as described above. As topmost layer the surface roughness is simulated by a Bruggeman
EMA (YSZ:void = 1:1) layer. The interface roughness between the single DBR layers
is completely neglected in the model as already mentioned above, because the parameter
correlation for the roughness amplitude and the thickness of the neighbouring layers is
close to 100 %. It has to be emphasised, that in such a regular quarter-wave stack the optical
response is mainly determined by the total optical thickness of a layer pair. This implies,
that the exact geometrical thicknesses of each DBR layer itself as well as the interface
properties cannot be obtained by an optical measurement.
The best model fit is obtained by a three step procedure:
• The primarily desired layer thicknesses are put into the model, assuming a perfect
structure with the same thicknesses for layers of identical material. The thickness of
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Figure 4.4: Experimental (green symbols) and model calculated (red lines) Ψ - (a) and ∆-spectra (b)
of the 10.5 layer-pair DBR BR08 for angles of incidence of 60◦ and 70◦. Calculated reflectivity (c)
and phase (d) of BR08 for normal incidence against air. The inset in (c) shows the high reflectivity
of the stopband region.
the surface EMA is set to a default value of 1 nm and the thickness inhomogeneity10
to 1 %.
• YSZ and Al2O3 thicknesses are then adjusted by hand (if necessary), to match the
energetic position of the DBR stopband.
• The thicknesses of the individual layers are allowed to vary independently of each
other in a range ±2 nm and ±3 nm for YSZ and Al2O3, respectively. The thickness
of the EMA layer and the thickness inhomogeneity are allowed to vary freely. Then
the fitting algorithm in search of the lowest mean square error (MSE) is started.
The excellent quality of a typical model analysis can be inspected for B08 in Fig. 4.4a and
b as red lines. A small deviation in the stopband region for an angle of incidence of 70◦ is
still present. From this best model the reflectivity and phase spectrum is calculated and are
shown in Fig. 4.4c and d, respectively. They were calculated for normal incidence against
air. The calculated maximum reflectivity of 99.2 % is reached at an energy of 3.293 eV.
The center of the stopband is situated at 3.286 eV, the zero-crossing point of the phase at
3.267 eV.
10modeled by a Gaussian distribution of different thicknesses
53
Chapter 4. Growth and Properties of Microcavity Materials
The fact, that the fit is not perfect in the central region of the stopband for 70◦, certainly
leads to a slight overestimation of the reflectivity. This can be taken into account in the
analysis of the MC modes by an additional ideality factor as a fitting parameter, which
however is also close to 99 %.
The important quantity for the cavity-photon mode position is the zero-crossing point
of the phase. In the following the influence of deviations from the desired layer thicknesses
in the DBRs shall be discussed. A very strong correlation between neighbouring layers and
also next-neighbouring layers was found. As described above, in an optical measurement
only the total optical thickness of a layer pair is determined very sensitively. From the
model it can be deduced, that even a deviation of 15 % from the quarter-wave condition
still leads to quite a symmetric stopband. This effect is demonstrated in simulated spectra
of the real and imaginary part of the complex reflection coefficient in Fig. 4.5a and b. The
spectra of the ideal structure are shown as a black line. Here the energy of the center of
the stopband and the energy, where the zero-crossing point of the phase occurs, are close
(b)(a)
(d)(c)
Figure 4.5: Simulated spectra of the real (a) and imaginary (b) part of the complex reflection
coefficient for an ideal DBR tuned for 3.33 eV (black lines), and for two different deviations from
the quarter-wave condition (red and blue lines). Please see text for a detailed description. The
influence of a thickness decrease of 1 % from layer to layer (green lines) on the real and imaginary
part of the complex reflection coefficient is compared in (c) and (d), respectively, to the ideal case
(black lines).
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to each other, whereas the energy where the reflectivity is maximum is blue-shifted by
about 12 meV. This deviation is caused by the dispersion of the refractive indices of the
DBR materials. In the first non-ideal case (red line), the thicknesses of all YSZ layers
were reduced by 15 %, while the thickness of the alumina layers was increased by about
20 %, such that the zero-crossing point of the phase is not altered with respect to the ideal
spectrum. However, this bias in the thicknesses leads to a red-shift of the central energy
of the stopband of 60 meV with respect to the ideal case, and the minima of the Bragg
band edge (BBE) modes are no more symmetric. Analogously, a decrease of the alumina
thicknesses by 15 %, compensated by an enhanced YSZ layer thickness of 12 %, leads to
a blue-shift of 45 meV (blue line). In conclusion, it is higly recommended to deposit test
structures prior to DBR growth to obtain the zero-crossing point of the phase at the desired
energy. However, the optical thicknesses of the two materials must not exactly fulfill the
quarter-wave condition, as long as the sum corresponds to half the wavelength.
A much more pronounced influence is shown in Fig. 4.5c and d by a gradual decrease
of the layer thicknesses in the layer stack model, which can be caused experimentally by
the parasitic deposition on the laser entrance window. The spectra have been calculated
assuming a decrease of the layer thickness of only 1 % for both materials from layer to layer.
Compared to the ideal case a significant change of the shape of the stopband, with a less
well defined shape at the edges is obtained and the phase becomes strongly asymmetric
and is shifted. The maximum reflectivity is only sligthly reduced and amounts to 99.1 %
compared to 99.2 % for the ideal structure. Experimentally, there is a simple means to avoid
such a thickness decrease. The layer thicknesses obtained from SE model analysis are used
to calculate the optical thickness of the single layer-pairs throughout the entire layer stack.
The slope of a linear fit to these data then reveals the average thickness decrease, which is
countered by increasing the pulse counts from layer-pair to layer-pair in the growth of the
next DBR. With the additional aperture in the growth chamber mentioned above, only an
increase of pulse counts of about 0.1 % is necessary.
4.1.4 Effect of Annealing
In the next chapter MC designs will be presented, where an annealing step was introduced
to improve the electronic properties of the ZnO-cavity layer. It is therefore necessary
to investigate the effect of annealing on the optical properties of the DBR. In Fig. 4.6
ellipsometry spectra of a 7.5 layer-pair DBR as grown (BR10) and after annealing in oxygen
atmosphere at the pressure of 700 mbar and the temperature of 900 ◦C for 120 min are
shown (BR10a see Tab. 4.2). The general lineshape does not change, but a small energy
shift can be seen. The quantity which is decisive for the position of the cavity-photon mode
is the phase ∆. In ∆, the spectra of the DBR as grown and annealed are almost congruent
in the region of the stopband. Further the two spectra coincide again at an energy of 1 eV.
This is an indication that the annealing process slightly changes both the refractive index
and the thickness of the DBR layers, because a pure change of thicknesses would cause
a constant energy offset for all energies. Results from an annealed YSZ single layer reveal
no modification at all, the alumina layers must therefore be affected.
It has to be emphasized, that this change in refractive index and thickness is very small.
From the model analysis a blue-shift of only 6 meV caused by annealing is obtained for
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(a) (b)
Figure 4.6: Ψ (a) and ∆ (b) spectra of the 7.5 layer-pair DBR BR10 as grown and BR10a after
annealing for 120 min at 900 ◦C in 700 mbar oxygen. The inset shows the region of the zero-crossing
point of the phase.
normal incidence, which corresponds to a shift of the zero phase crossing point of only
0.2 %. This negligible shift can also be observed in the experimental spectra for 60◦ and
70◦. Here, the energy difference between the two zero-crossing points of the phase amounts
to only 3 meV corresponding to a shift of 1 ‰. All in all, the effect of annealing upon the
performance of the DBR can safely be neglected.
4.1.5 Quality Control
In order to judge the quality of the DBR in general and also the effect of annealing it
is advisable to directly check the structure. TEM measurements have been carried out
by G. Wagner on the 10.5 pair DBR BR08, which was used as a bottom DBR in the
later presented half cavity sample HCa. Therefore, the TEM image in Fig. 4.7 shows the
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Figure 4.7: TEM bright field image of the half cavity sample HCa (after annealing and before
deposition of the top DBR) showing the smooth interfaces of the deposited layers and elemental
distribution (EDX) mappings: The sample consists of a sapphire substrate followed by a layer stack
of 11 YSZ and 10 Al2O3 alternating layers, then the ZnO-cavity layer and the capping YSZ-layer
grown on top.
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21 layers corresponding to the DBR structure and the ZnO cavity-layer capped with an
additional YSZ-layer – the reason for this will be discussed in the Sect. 5.1.2.1. This
sample has been annealed at the conditions given above for 30 min. Figure 4.7a shows
the bright field image of the structure with the measured layer thicknesses given on the
left-hand side. They agree very well with the ones obtained by SE being 42.1 nm for
YSZ- and 53.8 nm for Al2O3-layers on average. Dark layers correspond to YSZ, bright
layers to alumina layers. The DBR layers are very smooth with sharp interfaces inbetween,
despite the annealing step. No voids or other inclusions are visible. The alumina layers
are nanocrystalline, the YSZ layers are polycrystalline with crystallites of 30 − 50 nm in
lateral extension (see Sect. 5.1.2.1). The EDX mapping of aluminium shows the location
of the sapphire substrate and 10 Al2O3 layers, the mapping of yttrium and zirconium the
11 YSZ layers in between. Additionally also the ZnO-cavity and the YSZ capping layer
can be seen.
4.2 Cavity Material
4.2.1 ZnO Bulk Material
In order to achieve crystalline material usually high temperatures in the range (600 −
700) ◦C are applied for ZnO growth by PLD. To obtain layers with monoatomic steps in
homoepitaxy, the ZnO substrates are often thermally pretreated to avoid column-like grains
or 3D growth [51, 52].
Detailed investigations by M. Brandt at Universität Leipzig have been carried out
adjusting the laser fluence for growth of ZnO/MgZnO-QW structures with PLD. He
successfully avoided an intermixing of QW and barrier layers by applying a reduced
laser fluence [39]. The laser fluence, together with the oxygen partial pressure controls
the velocity of the constituents of the plasma plume. If the particles have too high kin-
etic energy, they deteriorate the growing film by causing defects and even can resputter
the deposited thin film [107]. If their energy is too low, the particles stick at the pos-
ition, where they arrive, and a poor crystal structure is obtained because their lack of
mobility leads to a 3D-island growth mode [107]. The surface diffusion of the arriving
particles can be further controlled by the substrate temperature, providing additional en-
ergy. The interplay of these two mechanisms is crucial in order to synthesize smooth yet
crystalline films.
4.2.1.1 ZnO on Sapphire Substrates
Figure 4.8 shows a series of AFM images of ZnO thin films on c-plane oriented sapphire
substrates. All samples have been deposited at about 650 ◦C and an oxygen partial pressure
of pO2 = 2 × 10−3 mbar and are listed in Tab. 4.5. The only varied parameter in this series
was the position of the focusing UV lens in front of the chamber entrance window in order
to control the laser fluence arriving on the target surface in the range (0.7 − 3.0) J/cm2. By
adjusting the lense position not only the laser fluence is changed, but also the ablated area
on the target in a reciprocal way.
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3.0 2.05 1.65 1.15 0.9 0.8 0.7 J/cm2
Figure 4.8: AFM topography images of ZnO thin films for several lens positions and hence
different laser fluences arriving on the ZnO-target. The laser fluence is decreasing from left to right
as indicated below the images.
Table 4.5: ZnO on substrate samples to investigate the influence of the laser fluence on the target.
The applied oxygen partial pressure was pO2 = 2 × 10−3 mbar and the substrate temperature was
650 ◦C (PH = 575 W).
name structure laser fluence [J/cm2]
ZS01 ZnO 3.0
ZS02 ZnO 2.0
ZS03 ZnO 1.7
ZS04 ZnO 1.2
ZS05 ZnO 0.9
ZS06 ZnO 0.8
ZS07 ZnO 0.7
The density of dislocations, visible as hexagonal holes in the AFM images, increases
with decreasing laser fluence (see Fig. 4.8). There is no systematic change of the diameter
of these pits. Corresponding PL intensity of the D0X emission from spectra obtained
at T = 10 K and film thicknesses are shown in Fig. 4.9. Both quantities depend on the
laser fluence respective on the ablated target area. The thickness of the deposited films
increases almost linearly with the ablation area of the target. As mentioned above, the
low laser fluence simultaneously leads to a larger spot size on the target and therefore
more material could be ablated leading to a larger deposition rate. If the quantity of
ablated material was assumed to be constant as a function of ablation spot size, this would
imply that with increasing laser fluence the particles are so fast that they already resputter
the thin film, leading to a decrease of the deposition rate. Therefore in both cases the
particles at lower fluence are slower, leading to 3D growth mode because of the reduced
kinetic energy.
The best morphological properties together with the highest PL intensity are yielded
with laser fluences of (1 − 2) J/cm2. This agrees very well with the standard value for the
laser fluence in PLD, cited most in literature, which is about 2 J/cm2 [21, 108, 109].
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2
Figure 4.9: PL intensity of the D0X-emission at T = 10 K (black squares) and film thickness (red
circles) as a function of laser fluence on the ZnO-target.
4.2.1.2 ZnO on 2.5 Pair Structures
The material properties of the ZnO-cavity layer in the MC structures were determined
from test structures consisting of a ZnO layer deposited on top of 2.5 layer pairs of DBR
material. The underlying DBRs differ significantly in their morphology, surface properties
and crystal structure from single-crystalline substrates, thus influencing the morphology
and optical properties of the ZnO-cavity layer. As already discussed in Sect. 4.1.1.3, a DBR
consisting of 2.5 layer pairs shows nearly identical properties to a full DBR and therefore
it is a suitable substrate for the investigation of ZnO-cavity layers, grown at different
conditions.
A 3× 3 array of different growth conditions has been applied for the optimisation
of the ZnO deposition process: three oxygen partial pressures of pO2 = 2 × 10−2 mbar,
pO2 = 2 × 10−3 mbar and pO2 = 3 × 10−4 mbar combined each with substrate temperatures
of TS = 650 ◦C, TS = 350 ◦C and TS = 150 ◦C. The laser fluence was set to 2.0 J/cm2 for
all samples. These nine samples are denoted from Z11 to Z33, as defined in the topmost
part of Tab. 4.6. In this table also the results from SE, AFM, XRD and PL, discussed in
the following, are summarised. The respective layer thicknesses have been determined by
SE for all samples, all grown by applying 4 200 laser pulses, and amount to (35 − 80) nm.
The thickness is decreasing with decreasing oxygen partial pressure, possibly due to an
enhanced desorption of material from the already deposited layer under high vaccuum
conditions. In Tab. 4.6, also the average roughness values are listed, determined from
AFM scans with an area of 1 × 2 µm2. The corresponding topography images are shown
in Fig. 4.10. A higher temperature leads to a rougher surfaces. A similar trend holds for
increasing oxygen partial pressure. This can be explained by the better crystallinity which
is demonstrated by XRD 2θ − ω-scans shown in Fig. 4.11. The samples grown at low
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Table 4.6: Sample names, ZnO thicknesses obtained from SE measurements, average roughness
determined from AFM scans with an area of 1 × 2 µm2, FWHM(2θ) from XRD scans and FWHM
of the D0X emission from PL at T = 10 K of ZnO test structures deposited on 2.5 layer pairs
YSZ/Al2O3. The annealed samples are distinguished by an additional “a” and the obtained quantities
are listed in red.
sample name p = 3 × 10−4mbar p = 2 × 10−3mbar p = 2 × 10−2mbar
Z11 Z12 Z13
TS = 150◦C Z11a Z12a Z13a
TS = 350◦C Z21 Z22 Z23
TS = 650◦C Z31 Z32 Z33
dZnO[nm] p = 3 × 10−4mbar p = 2 × 10−3mbar p = 2 × 10−2mbar
TS = 150◦C 60 75 75
TS = 350◦C 40 60 80
TS = 650◦C 35 50 77
Ra[nm] p = 3 × 10−4mbar p = 2 × 10−3mbar p = 2 × 10−2mbar
0.8 0.7 1.8
TS = 150◦C 2.4 4.0 4.1
TS = 350◦C 1.8 2.3 4.2
TS = 650◦C 2.5 3.7 7.6
FWHM (2θ) [◦] p = 3 × 10−4mbar p = 2 × 10−3mbar p = 2 × 10−2mbar
− − −
TS = 150◦C 0.19 0.15 0.16
TS = 350◦C 0.46 0.44 0.47
TS = 650◦C 0.38 0.30 0.19
FWHM (D0X) [meV] p = 3 × 10−4mbar p = 2 × 10−3mbar p = 2 × 10−2mbar
− − −
TS = 150◦C 10 9 7
TS = 350◦C − − 21
TS = 650◦C 20 − 8
temperature reveal almost no (200)-reflex at all and therefore are so-called XRD-amorphous.
For the middle substrate temperature the FWHM(2θ) are about 0.5◦ and further decrease
for the highest temperature to 0.2◦ for Z33. As explained in Sect. 2.1.2.1, ZnO tends to
grow in a columnar structure, with larger crystallites with increasing temperature. This
will be also shown in the next chapter by TEM investigations on two different ZnO-cavity
layers. Also PL investigations support these findings (Fig. 4.12). Samples grown at the low
and middle temperature show a very weak luminescence, a FWHM of the D0X can not
be determined except for the sample Z23, which amounts to 21 meV. Assuming the same
trend for FWHM(D0X) as for FWHM(2θ), the samples Z31 to Z33 – grown at high TS –
should show a narrower luminescence than 20 meV, decreasing with increasing oxygen
partial pressure. However, sample Z32 does not follow this trend, being an exception whose
origin cannot be explained nor understood.
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Figure 4.10: AFM topography images of ZnO test structures for an array of different growth
conditions for the optimisation of the ZnO material properties. The upper z-value reflects the
peak-to-valley distance of the height profile.
At this point, a compromise had to be found, because not both requirements of smooth
interfaces and crystalline material with good electronic properties can be satisfied. There-
fore, the growth conditions of Z32, pO2 = 2 × 10−3 mbar and 650 ◦C have been chosen
for a prototype MC (MCp) presented in the next chapter. The above found weak lumin-
escence was not confirmed, proving that it really has been an exceptional behaviour. In
order to further improve the photonic properties of this MC type, the ZnO-cavity layer was
smoothed by ion beam bombardment. The properties of this smoothed MC (MCs) will also
be discussed in the next chapter.
Nevertheless, the samples grown at low TS can be very promising due to their small
surface roughness leading to a sharp cavity-photon mode. As these samples are XRD-
amorphous and exhibit a weak and broad PL peak, it would be interesting to know, if their
electronic properties and crystal structure can be improved by annealing. Therefore, the
samples Z11–Z13 have been annealed at the temperature of 900 ◦C in oxygen atmosphere
of the pressure 700 mbar for 30 min. The results obtained by XRD and PL measurements
are depicted in Fig. 4.11 and Fig. 4.12 by red lines. Also the deduced FWHM(2θ) and
FWHM(D0X) are added to Tab. 4.6 in red numbers. Both quantities are even smaller than
the ones obtained for the samples Z31 to Z33, which have been grown at a high TS , proving
these annealed ZnO-layers to be a good choice as cavity material.
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Figure 4.11: 2θ−ω XRD-scans of the ZnO(002)-reflex for the samples listed in Tab. 4.6 and shown
in Fig. 4.10 (black lines). The FWHM is small for high-TS grown samples and for samples that
have been annealed (red lines).
Impressive as this improvement in crystallinity may be, the surface morphology must
not be forgotten. Figure 4.13 exemplarily shows AFM images of the sample Z13 together
with Z13a, being the same sample after annealing. The former nanocrystalline surface
of Z13 turned into a rough landscape being similar to a stack of gold coins. The peak-to-
valley distance is a factor of three larger than before and the roughness is increased so
strongly, that the broadening of the cavity-photon mode can be expected to be very large
and therefore to be not suitable to even reach the SCR. In order to avoid this roughening,
the ZnO layer was capped by a YSZ layer – the first layer of the top DBR – grown at the
same conditions as the ZnO-layer, i.e. at low temperature. It will be shown in the following
chapter, that in contrast to ZnO this YSZ-layer is quite stable under the applied annealing
conditions (see Fig. 5.6).
Finally, this strategy for the growth of the ZnO-cavity layer was realised and the
properties of this annealed MC (MCa) will be compared to the prototype MC (MCp) and the
smoothed MC (MCs) in the next chapter.
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(a) (b) (c)
Figure 4.12: PL spectra at T = 10 K of the same samples listed in Tab. 4.6 and shown in Fig. 4.10
and Fig. 4.11 with an oxygen partial pressure of (a) pO2 = 3 × 10−4 mbar, (b) pO2 = 2 × 10−3 mbar
and (c) pO2 = 2 × 10−2 mbar.
0nm
16 nm
0 nm
46 nm(a) (b)
Figure 4.13: AFM images of an area of 1×1 µm2 of sample Z13 as grown at 150 ◦C and of the same
sample Z13a annealed for 30 min at 900 ◦C and in oxygen atmosphere at the pressure 700 mbar
reveal the strong change in morphology of unprotected ZnO.
4.2.2 MgZnO for Quantum Wells
For MgZnO/ZnO QW structures, used as active material in the sample MCq, in a first
step ZnO layers have been grown on a-plane sapphire substrates as described in [39].
This was necessary, as in the used chamber QW structures have not yet been fabricated
at this time. Applying the knowledge of the previous studies for the growth on c-plane
oriented substrates, the deposition rate as a function of the laser fluence has been taken into
account, such that three ZnO thin films with similar thicknesses d = (100 − 110) nm have
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been deposited, to be comparable in morphology. The three ZnO thin film samples QS01,
QS02 and QS03 have been deposited applying the laser fluences 2.0, 1.7 and 1.2 J/cm2
(see Tab. 4.7), as they yielded the best surface properties on c-plane oriented substrates.
Additionally, a substrate temperature TS = 600 ◦C was chosen in order to reduce the surface
diffusion and thereby further decrease the number and size of the dislocation holes.
AFM images of these three samples are shown in Fig. 4.14a–c. Best morphologic
properties are obtained for the thin film grown at 1.7 J/cm2. These conditions have then
been applied for the consecutive growth of three MgZnO-based structures using a MgZnO
target with 4 wt% Mg-content:
• a MgZnO thin film grown on a ZnO buffer layer,
• a MgZnO/ZnO-QW on a ZnO buffer layer,
• a MgZnO/ZnO-QW on a 2.5 layer pair DBR.
The corresponding AFM images are shown in Fig. 4.14d–f. The topography images for
the samples grown on a ZnO buffer layer suggest sufficiently optimised growth conditions,
so that intense luminescence of the QW excitons can be expected. However, these exact
conditions lead to an inacceptable roughness of the QW structure grown on the test DBR
(see Fig. 4.14f).
Fortunately, the corresponding CL spectra taken at room temperature in Fig. 4.15
show a quite intense and sufficiently narrow line. The CL intensity is almost the same
for both QW, that on ZnO buffer as well as that on the test DBR. The Mg-content can be
estimated from the energetic position of the barrier luminescence to be x ≈ 25 % for the
sample on ZnO buffer and x ≈ 17 % for the QW on the test DBR. This different transfer
factor is caused by the different underlying “substrate”, being a well-suited ZnO-buffer
layer on substrate for the former and a polycrystalline YSZ layer for the latter. Please
note, that a ZnO- buffer layer is not applicable in a MC, as its absorption is way too
large. The FWHM of the QW exciton luminescence at RT amounts to 105 meV for the
QW structure on substrate and to 140 meV on the 2.5 layer-pair DBR. This has to be
compared to a value of optimised QW on substrate yielding a FWHM of 90 meV [110].
The respective FWHM at 2 K is 46 meV for the QW-structure on the 2.5 layer-pair DBR
compared to 24 meV in [110].
Table 4.7: ZnO and MgZnO samples on a-plane oriented sapphire substrates for the growth of
QW structures. The applied oxygen partial pressure was pO2 = 2 × 10−3 mbar and the substrate
temperature was 600 ◦C (PH = 500 W).
name structure laser fluence [J/cm2]
QS01 a-plane sapphire + ZnO 2.0
QS02 a-plane sapphire + ZnO 1.7
QS03 a-plane sapphire + ZnO 1.2
QS04 a-plane sapphire + ZnO / MgZnO 1.7
QS05 a-plane sapphire + ZnO / (MgZnO/ZnO)-QW 1.7
QS06 2.5 × YSZ/Al2O3 + (MgZnO/ZnO)-QW 1.7
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Figure 4.14: AFM images of ZnO thin films for several lense positions and hence different laser
fluences on the target: 2.0 (a), 1.7 (b) and 1.2 J/cm2 (c). AFM images of a MgZnO thin film on ZnO
buffer (d), MgZnO/ZnO QW-structure on ZnO buffer (e) and MgZnO/ZnO QW-structure on 2.5
pairs DBR (f) all with a laser fluence of 1.7 J/cm2.
Figure 4.15: Comparison of room temperature CL spectra of a QW structure on a ZnO buffer layer
and on a 2.5 layer-pair DBR.
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4.3 Summary
In this chapter the successful fabrication of highly reflective DBR fulfilling the requirements
for MC was demonstrated and the optical analysis of the DBR by SE was discussed. It
has been shown, that DBR are stable enough to undergo an annealing process facing only
marginal changes. The variation of growth parameters for ZnO showed several possibilities
for the application in MC, which will be discussed in the next chapter:
• a ZnO layer grown at a high substrate temperature shows very good luminescence
spectra but has a rough surface. Nevertheless this MC type shall be discussed as
a first example.
• a ZnO layer grown at a low substrate temperature is very smooth but shows poor
luminescence. A capping of this smooth layer by a YSZ-layer protects it against
roughening during the annealing process, wherein the luminescence properties shall
be improved.
• a ZnO layer grown at a high substrate temperature can be treated by an additional
smoothing process by ion beam bombardment at glancing angle to remove the rough
surface. This technique is very promising as it does not change the bulk material but
only the surface near region.
Further, ZnO- and MgZnO-layers have been grown on sapphire substrates to find
suitable conditions for QW structures. These conditions will be applied for a first prototype
of a MC, where the QW acts as active material.
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In this chapter all MC types shall be discussed from their growth properties via structural
and optical characterisation to their “performance” in the sense of light–matter interaction.
The different types are listed in Tab. 5.1. As a first preliminary result sample MCp is
presented, where, despite the fact that its ZnO-cavity layer is very rough, strong coupling
regime could be demonstrated up to a temperature of 410 K. It is followed by the discussion
of two different, more advanced MC designs where focus lay on the optimisation of the
photonic properties together with a high electronic quality of the ZnO-cavity layer. In
the first case, sample MCa, a smooth ZnO layer, grown at low temperature, was annealed
in order to improve the electronic properties (analogue to a bottom-up approach). In
the second case, sample MCs, a rough ZnO layer, grown at high temperature, with good
luminescence properties was smoothed by ion beam bombardment (analogue to a top-down
approach). For those two MCs, the ZnO-cavity layer was deposited with an intentional
thickness gradient, to investigate the effect of the detuning on their optical properties. In
the second part, several alternative MC types are shown:
• a MC containing a ZnO QW as active medium in a MgZnO cavity layer, called MCq,
with the aim to increase the oscillator strength,
• the type MCm which contains mesa structures made by lithography to sculpture
a distinct potential landscape and
• the large area sample MCl, deposited on a 2"-wafer, in order to get access to an
extended range of detunings on one sample with a wedge-shaped ZnO-cavity layer.
Finally, the successful deposition of homogeneous shell DBR around ZnO nanowires (MCn)
is demonstrated.
In all MCs, the ZnO-cavity layer is embedded between two DBR consisting of 10.5 layer
pairs YSZ/Al2O3. Considering the refractice index step-profile throughout the MC stack,
the best choice in terms of high reflectivity of the DBR would require Al2O3 to be positioned
next to the ZnO-cavity layer. But here, the YSZ layer was chosen to neighbour the ZnO-
cavity layer, in order to spatially separate it from alumina and therefore suppress aluminium
diffusion into the active material. The only exception is MCq, where the MgZnO/ZnO QW
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Table 5.1: Microcavity (MC) types and corresponding reference samples being test cavities (TC) on
2.5 layer-pair DBRs or half-cavities (HC) on 10.5 layer-pair DBRs. The oxygen partial pressure for
the ZnO-cavity layer was always pO2 = 2 × 10−3 mbar.
name type DBR pairs cavity fluence TS
bottom/top (J/cm2) (◦C)
MCp prototype 10.5/10.5 planar 2.0 650
HCa annealed 10.5/0 wedge 2.0 150a
MCa annealed 10.5/10.5 wedge 2.0 150a
TCv virgin 2.5/0 planar 1.2 650
TCs smoothed 2.5/0 planar 1.2 650
MCs smoothed 10.5/10.5 wedge 1.2 650
HCq QW 11/0 QW-wedge 1.7 600
MCq QW 11/11 QW-wedge 1.7 600
BR11 large-area 10 - 2.0 650
MCl large-area 10.5/10.5 wedge 1.7 150a
MCm1 mesa 10.5/10.5 wedge 1.2 650
HCm2 mesa 10.5/0 wedge 1.7 150a
MCm2 mesa 10.5/10.5 wedge 1.7 150a
TCw wire 2.5 tapered wire 2.0 600
MCw wire 8.5 tapered wire 2.0 600
structure is embedded between two DBR made of 11 layer pairs YSZ/Al2O3, here the
MgZnO-barrier acts as barrier against Al diffusion. The NW MC sample MCn is surrounded
only by 8.5 layer pairs, as this PLD process already requires a high pulse number.
5.1 Planar Microcavities I
5.1.1 Prototype
5.1.1.1 Growth and Structural Properties
In the simplest approach, MCp was grown applying the temperature of 650 ◦C, pO2 =
2 × 10−3 mbar and a laser fluence of 2 J/cm2 for the ZnO-cavity layer, ignoring the high
surface roughness which leads to a broadened cavity-photon mode. The sample was rotated
at a speed of 1.5 rpm to achieve a homogeneous cavity thickness. In Fig. 5.1b an AFM
image of the sample after deposition of the cavity layer is shown. With Rrms = 3.1 nm, the
roughness is quite high . The STEM image in Fig. 5.1a shows that the interface structure
of the top DBR inherits the structure of the ZnO-cavity surface, which is attenuated in
amplitude from layer to layer. The cavity layer is preferentially c-plane oriented as can
be deduced from XRD measurements, where only the (002) reflex is present. An omega
rocking curve however (not shown) reveals the reflex to be rather broad with FWHM of
15◦, indicating a tilt of the individual grains with respect to the c-axis.
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Figure 5.1: STEM image of MCp (a) as well as an AFM image of an area of 1× 2 µm2 (b) and XRD
scan (c) after deposition of the ZnO-cavity layer in MCp. In (a) dark layers correspond to YSZ and
bright layers to Al2O3.
5.1.1.2 Strong coupling up to 410 K
To investigate the light–matter interaction in MCp angular-resolved PL and reflectivity
experiments have been done for the temperature range (10 − 550) K with the AROSE
setup using a cryostat and a hot-plate [A2], [36]. The spectra for selected temperatures
are shown in Fig. 5.2a–c and d–f, respectively. For all three temperatures the typical
dispersion of a LPB is observed. The upper polariton branch is self-absorbed in the bulk-
like cavity layer. For small emission angles the LPB dispersion is parabola-like and then
approaching the energy of the free exciton for high emission angles. The energy of the LPB
is decreasing with increasing temperature because of the redshift of the two uncoupled
modes. Furthermore, the curvature is decreasing because the energetic distance of the two
uncoupled modes decreases, which is clearly visible in Fig. 5.3. The shift of the uncoupled
exciton mode by the bandgap shift is stronger than the shift of the uncoupled cavity-photon
mode by the change of the refractive index. Both modes come in resonance at a temperature
of about 380 K, where zero detuning is reached. These spectra have been analysed by C.
Sturm via a 2× 2 coupling Hamiltonian, as only one polariton branch is observed. This also
means that the obtained exciton energy is a weighted average of all energies of contributing
exciton states, i.e. A-, B- and C-states. The fit result is shown as lines superimposed onto
the experimental contour plots and an excellent agreement is found. For temperatures
higher than 410 K the strict condition for SCR (Eq. (2.56)) is no more fulfilled, caused by
the high exciton decay rate at elevated temperature. The sample is then in an intermediate
coupling regime. The maximum value of Q ≈ 740 was obtained as well as a coupling
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Figure 5.2: Experimental contour plots from angular-resolved PL of the MCp for T = 10 K (a),
T = 290 K (b) and T = 410 K (c) and reflectivity (d)–(f), respectively, in a false colour scale. The
dispersion of the LPB was calculated by a 2 × 2 coupling Hamiltonian and is superimposed as
solid line. The involved uncoupled modes are drawn as dashed lines. In (g) the LPB as a function
of temperature is shown as obtained experimentally (symbols) and calculated (solid lines), the
respective broadening is shown in (h). Figures taken from [36].
strength of more than 50 meV at 10 K, which is reduced slightly to about 40 meV at 410 K,
was found.
The homogeneity of MCp was investigated by a PL scan across the sample in steps of
200 µm width, shown in Fig. 5.4. The emission energy of the LPB (Fig. 5.4a) increases
slightly in radial direction (with respect to the substrate rotation), due to a weak thickness
gradient caused by the plasma plume. The PL intensity of the LPB (Fig. 5.4b) varies less
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Figure 5.3: Experimental contour plots of PL emission intensity (a) and reflectivity (b) for an
angle of 0◦ and 6◦, respectively, as a function of temperature in a false colour scale. The solid lines
represent fit results for the two polariton branches whereas the dashed lines show the corresponding
uncoupled modes. The discontinuity at room temperature is caused by two different experimental
setups, namely a cryostat and a hot plate. Figures taken from [36].
than one order of magnitude over the entire sample area. Apart from a few positions, where
contaminations – material chipped off from the substrate holder while dismounting the
sample – settled, the intensity changes even less than by a factor of two. The intensity is
again following the weak thickness gradient. This is caused by the stronger occupation
of the LPB for lower energies due to the weaker thermal escape rate out of the “trap”
formed by the LPB. A further indication for a good homogeneity is the broadening of
the LPB (Fig. 5.4c) which amounts to 9 meV almost everywhere. The observed larger
broadening compared to 5 meV reported in [A2] could be attributed to a degradation of the
ZnO-cavity layer in the MC structure, as this scan was carried out two and a half years
after the synthesis of the sample.
As already mentioned in the introduction and discussed in Chap. 4, there are two
pre-requisites for a good MC in terms of photonic and electronic quality. On the one hand
smooth interfaces are necessary, for the DBRs themselves, but more importantly for the
cavity-DBR interfaces to achieve high quality factors, i.e. a sharp cavity-photon mode with
long photonic lifetime. On the other hand, the electronic properties of the active material
have to be good in terms of high exciton lifetime, oscillator strength and quantum efficiency
yield. Concerning the ZnO-cavity layer the first point can be reached by applying low
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Figure 5.4: Lateral scans of energy (a), intensity (b) and broadening (c) of the lower polariton
branch for MCp. The intensity is color-coded in a logarithmic scale.
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Figure 5.5: Schematic of the two strategies for the fabrication of the cavity layers: For MCa an
XRD-amorphous YSZ-capped ZnO-layer, which was deposited at low temperature, is annealed in
order to crystallize the material (a), for MCs a crystalline, but rough ZnO-layer, which was grown at
high temperature, is bombarded with Ar+-ions under grazing incidence in order to to reduce surface
roughness (b).
growth temperatures, leading to quasi-amorphous but very smooth layers. For the second
point high temperatures are necessary to yield crystalline layers, which unfortunately tend
to be textured with columns, rather independently from the underlying substrate. So the
biggest challenge is to achieve a compromise; for that, two strategies – annealing and ion
beam smoothing – have been pursued. They are sketched in Fig. 5.5 and will be discussed
in detail in the following two sections.
5.1.2 The Annealed Microcavity
5.1.2.1 Growth and Material Properties
The ZnO-cavity layer in MCa was deposited at about TS = 150 ◦C yielding a smooth
surface with Rrms = 1.9 nm. An oxygen pressure of pO2 = 2 × 10−3 mbar and a laser
fluence of 2 J/cm2 was applied. The substrate rotation was set to zero, leading to a natural
thickness gradient of the deposited layer caused by the specific form of the plasma plume
in combination with the lateral shift between central substrate normal and the axis of the
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plasma plume. The layer thickness of the deposited thin film decreases for positions at
a larger distance from the plasma plume axis, because the plasma density decreases as
a function of propagation angle. This enables the investigation of the coupling behaviour
for different detunings of cavity-photon and exciton mode in the same sample by the shift
of the cavity-photon mode as a function of the position on the sample.
Subsequently, the ZnO-cavity layer was capped with the first, quasi-amorphous, YSZ
layer of the top DBR, applying the same growth conditions as for the ZnO layer. Growth
of the YSZ layer at higher temperatures would expose the bare ZnO-cavity layer to this
temperature at low oxygen pressure for one hour and should therefore be avoided. This
structure was then transferred to a rapid thermal annealing oven and annealed at 900 ◦C
for 30 min in oxygen atmosphere at the pressure of 700 mbar to crystallise the ZnO layer.
These conditions are the same as applied for pretreatment of ZnO substrates for homo-
epitaxy [39]. The capping layer during annealing is essential to keep a smooth interface.
Bare ZnO layers roughen substantially (see Fig. 4.13), possibly due to the low ZnO melting
point and therefore high diffusion. The higher melting point of YSZ seems to suppress
such a process. AFM images have been taken after each growth step of MCa and are shown
in Fig. 5.6. The quasi-amorphous YSZ even reduces the roughness of the ZnO-cavity layer
by some extent, proven by the rms roughness which is reduced from 1.87 nm to 0.94 nm
after YSZ deposition.
XRD 2θ−ω-scans on MCa show that the ZnO-cavity layer is preferentially c-plane
oriented along (002) (Fig. 5.7a). Rocking curves (not shown here) reveal a broad reflex
with FWHM of about 13◦ indicating the maximum tilt angle of the grains with respect to
the c-axis.
To further investigate the structural properties of the cavity layer TEM measurements
were carried out by G. Wagner on the half-cavity sample HCa. They show that the ZnO-
0 nm 4 0 nm 13 0 nm 7 0 nm 10
(a) (b) (c) (d)
Figure 5.6: AFM images of an area of 1×2 µm2 from sample MCa showing its bottom DBR (a), the
XRD-amorphous ZnO-cavity layer (b), the XRD-amorphous YSZ capping layer (c) and the YSZ
capping layer after annealing (d). The roughness of the YSZ capping layer only slightly increases
upon annealing. The rms roughness values are Rrms = 0.51 nm, 1.87 nm, 0.94 nm and 1.47 nm for
(a)–(d), respectively.
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(a) (b)
Figure 5.7: 2θ − ω-XRD-scan of MCa (a). TEM bright field image of the ZnO-cavity layer with its
YSZ capping layer and the underlying layers of the DBR from sample HCa (b). The selected area
diffraction (SAD) pattern in the inset was acquired on the upper three layers, i.e. YSZ and ZnO.
The encircled reflections in this pattern correlate to the single ZnO grain indicated by the large
yellow circle. The electron beam direction was parallel to the [100] or [21¯1¯0] direction of the ZnO
grain. The reflections encircled in orange mark double diffraction spots. All other reflections can be
attributed to the YSZ, e.g. the (111)-reflex of YSZ lying on the red circle.
cavity layer is polycrystalline but contains crystals with diameters of about 70 nm on
average ranging from 20 nm to 120 nm (Fig. 5.7b). A selected area diffraction (SAD)
pattern on the ZnO-layer and the two neighbouring YSZ layers confirms the preferential
c-plane orientation of the ZnO-cavity layer (see inset in Fig. 5.7b). The XRD results are
confirmed by a SAD pattern from a larger area, where individual grains are tilted up to
±12◦ with respect to the surface normal.
All in all, it is quite astounding, that by the annealing of an XRD-amorphous ZnO layer
such comparably large grains are formed. Further it is surprising, that although the layer is
embedded on both sides by YSZ and 900 ◦C is far below the melting point, grains are able
to align their optical axis.
The PL spectrum of the annealed test cavity HCa at T = 10 K (Fig. 5.8) shows strong
emission of the donor bound exciton at about 3.360 eV, which is related to Al [60] and
typical for all our samples, because of the Al content in the DBR making it omnipresent
in the growth chamber. Especially for this sample type, a strong contribution is easily
explained by the annealing step, which most probably leads to an enhanced diffusion of
aluminium of the DBR layers into the ZnO-cavity layer. This mechanism is not necessarily
prevented by the YSZ layer embedding the cavity layer from both sides. The polycrystalline
nature implies a large number of crystallites which certainly facilitate diffusion along grain
boundaries.
5.1.2.2 Strong Coupling to Bound Excitons
In Fig. 5.9 a lateral PL scan across sample MCa at normal emission is depicted. In the
scan image of the LPB energy, the intentional thickness gradient induced by absence of
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T
Figure 5.8: Photoluminescence spectra at T = 10 K of the annealed half cavity HCa (black) and of
the smoothed test cavity layer before (TCv) and after (TCs) the smoothing process in red and green,
respectively. All spectra are dominated by the donor bound exciton emission at about 3.360 eV.
The smoothing process creates emission at 3.366 eV probably stemming from Zn interstitials and
inhibits the emission from free excitons at 3.378 eV.
(b) (c)(a)
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Figure 5.9: Lateral scans at T = 10 K of energy (a), intensity (b) and broadening (c) of the LPB
of sample MCa at normal emission. The intensity can be directly compared to the one of MCp in
Fig. 5.4.
rotation during growth is apparent. The PL intensity varies over three orders of magnitude
and is three orders of magnitude higher than for MCp. The inhomogeneity in intensity is
independent of the cavity layer thickness and is probably caused by material, chipped off
from the sample holder. The LPB broadening ranges mainly from 5 − 6 meV across the
sample indicating the lower roughness of the cavity–top-DBR interface and hence the
narrower cavity-photon mode compared to the sample discussed above (see Sect. 5.1.1).
This property justifies the additional effort by this multi-step growth process. The long-term
stability of the sample was proven by repeating the scan after 12 months. It was found that
the broadening had not changed.
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Figure 5.10: PL (a) and reflectivity (b) spectra of MCa at T = 10 K obtained at 0◦ and 6◦, respectively.
Figures taken from [36].
The remarkable difference, compared to MCp discussed previously is, that aside the
strong emission from the LPB a second mode, called bX, is present at about 3.360 eV in PL
spectra (Fig. 5.10a). This emission is very close to the emission line of the donor bound ex-
citon (D0X). But also surface related excitons are a candidate for the formation of this mode.
Biexcitons, which are generally not expected to form at the applied laser pump powers,
could be an another possible explanation if they are somehow enhanced by the MC effect.
A final decision about the origin cannot be made at this point, because emission from this
bound exciton related mode is too weak for an exact analysis. Furthermore, the additional
mode could not be observed in reflectivity as shown exemplarily in Fig. 5.10b. This may
be explained by the fact that reflectivity probes the density of states, which is usually quite
low for defect related states. In PL usually the lowest energetic states are highly occupied
and so they contribute most considerably to the signal. Additionally, the noise in the highly
reflective region of the stopband diminishes the visibility of a potentially present mode.
The experimentally obtained spectra in PL and reflectivity are shown in Fig. 5.11 as
contour plots. In PL the LPB converges to the energetic position of the bX, whereas in
reflectivity it crosses the energy of the bX and approaches the position of the free exciton
(X) for higher angles. The mode at the energetic positon of the bX in PL is a constant
until the point of resonance is reached. “To cross or to anticross” – The large broadenings
enforce a detailed peak analysis to answer this question. C. Sturm showed that this bX
related mode can be decribed as a middle polariton branch (MPB) [36]:
• a tiny blueshift of this MPB energy at higher angles, respectively in-plane wave
vector, instead of a constant characteristis for weak coupling;
• the occupation behaviour of the LPB and MPB deduced from the integrated peak
intensities which do not follow the expected behaviour calculated for the weak
coupling regime;
• the broadening of the MPB decreases at high emission angles indicating a more
photonic character, described by the Hopfield coefficients in case of strong, or rather
intermediate coupling.
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Figure 5.11: Angular-resolved PL (a) and reflectivity (b) spectra for s-polarisation at T = 10 K
as a contour plot together with the calculated dispersions of the coupled and uncoupled resonator
modes shown as solid and dashed lines, respectively. In PL the LPB appraoches asymptotically
to the bound exciton (bX) energy. Selected PL and reflectivity spectra are shown in (c) and (d).
Figures taken from [36].
The dispersion was fitted with a 3× 3 coupling Hamiltonian, giving a coupling strength
of 42 meV and 5 meV for coupling to the X and bX, respectively. Comparing these values to
the obtained mode broadening, the strict SCR condition (see Eq. (2.56)) is not fulfilled for
the coupling to the bX, because the mode broadening is larger than the coupling strength.
This case is therefore called “intermediate” coupling regime.
As mentioned above, the advantage of the intentional thickness gradient is the large
freedom of choice in the detuning by variation of the position on the sample – a set of
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Figure 5.12: (a) LPB energy and (b) broadening obtained from PL spectra (symbols) at T = 10 K
and by model analysis (lines) for different positions on the sample and therefore different detunings
as indicated in (a). Figures taken from [36].
selected dispersions of the LPB are shown in Fig. 5.12a. Starting at large negative detuning,
the curvature of the dispersion decreases for increasing detuning and approaches already
for smaller emission angles respectively in-plane wave vectors a fixed energy value of
3.360 eV. The broadening of the LPB (Fig. 5.12b) conforms to the Hopfield coefficients.
It possesses the small broadening of the cavity-photon mode for small emission angles
for all values of ∆ shown here, adopting the larger broadening of the exciton towards
higher angles. The observed small variation of the broadenings at small angles is due to
the inhomogeneity of the sample.
The occupation behaviour of the ground state as a function of the detuning was studied
in detail [A6]. These results have shown an enhancement of the ground state occupation
with increasing cw-laser pump power. This increased energy input, however, led to a warm-
ing of the MC, indicated by a slight red-shift of the LPB. Depending on the temperature,
different favorable detuning ranges for an enhanced population of the ground state have
been obtained. In contrast to theoretical considerations [111] and analogous to GaN-based
MC [112], a negative detuning has generally proven to be suitable to reach BEC. The
optimum detuning value is decreasing with increasing temperature, because a deeper trap
is needed to compensate the thermal escape rate of polaritons out of the ground state.
5.1.3 The Smoothed Microcavity
5.1.3.1 Growth and Material Properties
In the second approach sample MCs contains a wedge-shaped ZnO-cavity layer, which was
deposited at T = 650 ◦C with an oxygen background pressure of 0.002 mbar and a laser
fluence of about 1.2 J/cm2. Consequently the surface roughness of Rrms = 5.5 nm is very
high. This layer was then smoothed by ion beam bombardment in order to remove the
topmost rough surface region prior to deposition of the top DBR. Doing so the roughness
was reduced to Rrms = 1.3 nm (Fig. 5.13). This smoothing process was established and
carried out by F. Frost at the Leibniz-Institut für Oberflächenmodifizierung (Leipzig).
An Ar+-ion beam with an energy of 500 eV was directed to the rotating sample under
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(b)(a)
Figure 5.13: AFM images of the ZnO-cavity layer before (a) and after (b) ion-beam smoothing
with Ar+. Thereby, the surface roughness was reduced from Rrms = 5.4 nm to Rrms = 1.3 nm. AFM
measurements have been carried out by F. Frost.
grazing incidence of about 85 ◦. The ion current density is 150 µA/cm2 with a fluence of
8.4×1017 cm−2. The sample has been irradiated for 33 min corresponding to the erosion rate
of 0.67 nm/min. The chamber is initially evacuated to the base pressure of 2 × 10−6 mbar
and the operation pressure is then 4 × 10−5 mbar. More details concerning this technique
can be found in the review by Frost et al. in [113].
The ZnO-cavity layer is again preferentially c-plane oriented, as clearly indicated
by the ZnO(002)-reflex in XRD of the samples TCv andTCs (Fig. 5.14). These spectra,
recorded before and after the smoothing process, reveal no significant differences. The
(a) (b)
Figure 5.14: (a) XRD spectra of the ion-beam smoothed sample reveal no significant differences
before (TCv) and after (TCs) the smoothing process. (b) TEM bright field image of the ZnO-cavity
layer of sample TCs. The selected area diffraction pattern in the upper inset shows the tilt of the
ZnO c-axis with respect to the surface normal, corresponding to ±10◦, the one in the lower inset
the bare c-plane sapphire substrate. The electron beam was close to the [1¯00] = [2¯110] direction of
the sapphire substrate.
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reason for this is, that only the topmost atomic layers become amorphous by the ion beam
(see also TEM results below) which is hitting the sample surface under grazing incidence.
Rocking curves (not shown here) reveal broad reflexes with the FWHM of approximately
10◦ indicating the maximum tilt angle of the grains with respect to the c-axis.
Transmission electron microscopy investigations show that the ZnO-cavity layer is
polycrystalline but contains crystals with diameters of about 90 nm on average from 40 nm
to 140 nm, thus being slightly larger compared to MCa. This structural difference possibly
reflects the better crystallinity of ZnO which is grown in optimal conditions from the start,
compared to the post-treatment with an annealing step in MCa.
Photoluminescence spectra at 10 K of the virgin and smoothed test cavities, TCv and
TCs, have been added to Fig. 5.8 for a direct comparison with HCa. Before smoothing, the
ZnO-cavity layer TCv shows two additional luminescence peaks: The first at an energy of
3.378 eV is caused by the free exciton emission. The second luminescence peak at 3.333 eV
has also an excitonic origin. This emission is related to excitons bound to structural defects,
which are present in ZnO films with columnar structure [60]. Such defects are also observed
in Zn compounds like ZnSe [114]. After ion-beam smoothing two changes can be observed
in the PL spectrum of TCs. On the one hand the two peaks at lower energies are broadened
and an additional line at 3.366 eV appears. This energy corresponds to the I3a line attributed
to Zn interstitials [60], which are probably created by the ion bombardment. On the other
hand emission from the free exciton is a lot weaker, probably because outcoupling from
the now smoother surface is less efficient. The emission at 3.333 eV does not disappear,
its origin therefore cannot be related to surface-bound states or impurities which are
enriched in the rough surface (i.e. on the crystallites). It quickly vanishes as a function of
(a) (b)
Figure 5.15: Temperature dependent PL spectra of the smoothed ZnO-cavity layer before (TCv) (a)
and after (TCs) (b) the smoothing process. The DBX and D0X lines vanish at about 90 K, where the
FX emission starts to dominate the spectra. The dashed lines are guides for the eye.
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temperature, as visible in temperature dependent PL spectra depicted in Fig. 5.15 before
and after smoothing. This presents another hint for its origin being related to defect bound
excitons (DBX).
5.1.3.2 Coupling with Several Excitons
At first glance, PL spectra of the MCs (Fig. 5.16) very strongly resemble the ones obtained
from MCa (Fig. 5.11a): The dispersion of the LPB is asymptotically approaching to the
energy of the bX for higher emission angles and for both polarisations. An additional
mode is caused by the emission of the DBX at 3.333 eV, as described above for the test
cavity TCs. This luminescence is strong enough to leak out of the top DBR, despite the
high reflectivity of the stopband. When the LPB, starting at an energy of 3.28 eVfor k = 0,
comes in resonance with the DBX at high k, its emission is enhanced. It cannot be decided
if this DBX couples strongly to the cavity-photon because the coupling strength is expected
to be very weak due to the small transition matrix element associated to such excitonic
states. A possible mode anticrossing will therefore hardly be observable caused by the large
FWHM of the DBX of almost 15 meV. This emission is more pronounced for p-polarisation,
because the reflectivity as a function of the emission angle is quickly decreasing.
The same is valid for the bX related mode. As its emission is also enhanced for p-
polarisation compared to s-polarisation, it is probable, that there is no strong coupling
present. This assumption is confirmed from model fit results for s-polarisation, wherein the
same coupling Hamiltonian as for MCa was applied. The best fit is obtained for a coupling
strength of 50 meV between the cavity photon mode and an excitonic mode at 3.386 eV,
and a negligible coupling strength with the bX. The broadening of the uncoupled cavity
photon mode deduced from model analysis results in a quality factor of about 500. The
corresponding dispersion of the LPB and the uncoupled modes are shown in Fig. 5.16. The
excitonic energy resulting from this model fit does not coincide with a specific excitonic
transition energy. It is reasonable to suspect, that this is an effective energy averaging
(a) (b)
Figure 5.16: Angular-resolved PL spectra of MCs for s- and p-polarisation in a false colour scale
together with results from model analysis (lines). The coupling strength to the bX is negligibly
small.
81
Chapter 5. Linear Optical Effects in the Microcavities
several excitonic contributions and hence the obtained coupling strength is an effective
value, too. This will be clarified in the following analysis of the reflectivity spectra.
Looking at reflectivity measurements, a richer mode structure appears. In Fig. 5.17a
a contour plot of angular-resolved reflectivity spectra for ∆ ≈ −120 meV at T = 10 K and
p-polarisation is shown. Starting at 3.23 eV for an angle of incidence of 6◦ the dispersion
of the LPB is seen. In the range 30◦ − 60◦, two additional modes (M1 and M2) with a weak
dispersion arise in the region of the exciton emission, as clearly visible in selected reflectiv-
ity spectra shown in a waterfall diagram (Fig.5.17c). These three modes’ peak positions
together with the BBE mode are depicted in Fig. 5.17b as symbols. In contrast to PL, there
are no modes related to the DBX and bX visible, because these states are not occupied in
a reflectivity experiment. M1 starts at an energy of 3.378 eV for small angles and approaches
3.40 eV for higher angles. M2 is less pronounced due to a larger broadening. Its dispersion
is bounded by the energy of 3.40 eV for small angles and by 3.44 eV for high angles.
(a) (b)
(c)
Figure 5.17: (a) Contour plot of angular-resolved reflectivity spectra of sample MCs for p-
polarisation at T = 10 K in a linear colour scale showing three polariton branches (LPB, M1
and M2) and the Bragg band edge (BBE) mode. (b) Experimental mode positons (symbols) ob-
tained from (a) and corresponding calculated dispersions (solid lines) from a model taking into
account the coupling to three excitonic states (dashed horizontal lines). (c) Spectra from (a) for
selected angles of incidence shifted vertically for clarity.
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Assuming that these two additional modes are middle polariton branches, the mode
energies must be modeled with the following coupling Hamiltonian:
H =

E˜Cav V1 V2 V3
V1 E˜X1 0 0
V2 0 E˜X2 0
V3 0 0 E˜X3
 , (5.1)
taking into account three excitonic states. Values of the entire broadening, i.e. Gaussian
and Lorentzian contribution, roughly deduced from the experimental spectra of the LPB
and these two weaker modes are in the order 15 meV to 20 meV. A line-shape analysis
of the dips in the reflectivity spectra is ambiguous, even for the LPB mode, because the
shape of the Voigt function, i.e. the ratio between Lorentzain and Gaussian broadening,
strongly depends on the chosen energy interval for this analysis due to the non-idealities of
the setup. Therefore, the broadening of the LPB at the angle of 6◦ was set to 8 meV which
is equal to the Lorentzian linewidth obtained from PL spectra in the model analysis. All
other experimental broadenings are not included because of this large uncertainty. The
broadening for the three uncoupled excitonic modes was set to 9 meV corresponding to the
broadening of the bX deduced from PL spectra of the half-cavity sample HCs.
The model fit results in the following: The cavity-photon mode is strongly coupled
with three excitonic states, situated at 3.378 eV, 3.398 eV and 3.444 eV. These states can be
attributed to the A-/B-exciton (spectrally not resolved), the C-exciton and exciton-phonon
complexes (EPC), respectively. The respective coupling strengths are 20 meV, 40 meV
and 60 meV, counter-intuitively increasing with energy. Such an increase with increasing
energy was also observed by Kawase et al. [115]. The stronger coupling to the C-exciton
may be explained by its larger oscillator strength for p-polarisation.
A coupling to excited excitonic states, as discussed by Faure et al. [116], is improbable,
as the coupling strength should decrease in this case. Furthermore, it has to be checked if
the high-energy MPB is in fact a UPB, whose dispersion is limited at higher angles due to
influence of the ZnO-absorption. Forcing the fit to this constellation always leads to a large
deviation between experimental and calculated LPB. So this case is highly improbable,
as the LPB mode is very pronounced in the experimental spectra leading to an accurate
determination of the mode energies as a function of angle of incidence.
Up to now EPC in MC have been only discussed as a reason for the lacking agreement
between experimental and calculated energy of the UPB [25]. They have not yet been
considered as a candidate for strong coupling itself in literature. A simple explanation
for this is, that in general these strong exciton–phonon interactions are only observed in
crystals with high ionicity due to the high polarisability of the lattice [117]. They simply
should not be observable in the vastly investigated GaAs-based or CdTe-based MC systems,
but are well known for the material ZnO [118].
The observed huge coupling strength with EPC may be due to the large total oscil-
lator strength. Shokhovets et al. [119] have shown at room temperature, that the integral
contribution of EPC to the absorption in ZnO can be as large as the contribution from A-
/B-excitons. In this case a polaron consisting of one exciton and one phonon alone already
has a noticeable contribution to the DF, but moreover a cloud of up to 12 phonons may be
attached to one exciton in ZnO and EPC are formed for all excitons (A-,B- and C-). The
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EPC in total can be described by a mode with quite a large broadening of about 30 meV de-
duced from SE analysis of ZnO single crystals and thin films [120]. However in the model
description of the coupling mechanism it is not this broadening which must be considered,
but the excitonic contribution of the respective polarons, being approximately in the order
of the broadening of free excitons or bX. The obtained energy of 3.444 eV corresponds
then to the average value of all EPC, whose energy range is (3.43 − 3.60) eV [121].
A deeper analysis of this coupling mechanism by temperature, detuning and polarisation-
dependet reflectivity measurements shows that the two weak additional modes are more
prominent for:
• larger negative detuning,
• p-polarisation, and
• low temperature.
A less negative detuning and and a higher temperature lead to an enhanced broadening of
the polariton branches and therefore a lower spectral resolution of the modes. The intensity
of the EPC decreases only moderately with temperature when compared with pure excitonic
transitions [117]. For s-polarisation the energetic position of the suppressed C-exciton and
the EPC coincide while for p-polarisation the C-exciton is more prominent and the EPC
reside at a higher energy. The fact that the reflectivity of the DBR increases/decreases as
a function of angle of incidence for s-/p-polarisation, leads to more pronounced uncoupled
cavity-photon mode dip for p-polarisation compared to s-polarisation and therefore also to
a better visibility of the coupled modes [36].
Last but not least the homogeneity of this MC was investigated. Figure 5.18 shows
energy, intensity and broadening of the LPB scanned over the sample. The intensity
distribution varies over two decades, the broadening amounts to (9 − 12) meV. This shows
that the cavity layer is still not as smooth as in the annealed sample. But there is still
potential for further improvements in the ion bombardment process.
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Figure 5.18: Lateral scans of energy (a), intensity (b) and broadening (c) of the lower polariton
branch for MCs. The intensity is color-coded in a logarithmic scale.
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5.2 Planar Microcavities II
In the following three additional planar MCs shall be presented. MCq with a MgZnO/ZnO
QW structure embedded in 11 layer-pair DBR. Then the fabrication of mesa structures by
photolithography is presented for MCm1 and MCm2, which have been visualised by AFM
and spatially-resolved PL experiments. Finally, the deposition of DBRs on 2"-wafers was
achieved. Together with a ZnO-cavity layer with a large thickness gradient MCl provides
a large freedom of choice in the detuning by the variation of the position on the sample.
5.2.1 Microcavity Containing a ZnO Quantum Well
In the first section, growth as well as structural and optical properties of MCq are presented.
This sample was a first attempt to include a QW in a MC. The growth conditions for
the QW structure have been optimised on substrate, and directly applied for growth on
DBR, leaving room for further refinement. In this structure 11 layer-pair DBRs have been
used, as in this case the MgZnO-barrier layer should also sufficiently separate the ZnO-
QW from the alumina layer to hinder aluminium diffusion. The results from the optical
characterisation, shown in the second section, have been obtained by T. Michalsky during
his bachelor thesis, showing hints for the weak coupling regime and the Purcell effect.
5.2.1.1 Growth and Physical Properties
The MCq consists of two 11 layer-pair DBRs surrounding a MgZnO-cavity, which acts
as a barrier for the ZnO-QW. The cavity layer has an optical thickness of one medium
wavelength where one ZnO QW is positioned in the middle, such that it is placed into an
antinode of the electric field distribution. The cavity and QW layer have been grown using
a MgZnO-target with 4-wt.% Mg-content and a pure ZnO-target. A substrate temperature
of about 600 ◦C and an oxygen partial pressure of 2 × 10−3 mbar was applied with a laser
fluence of 1.7 J/cm2 for both materials. The substrate rotation was set to zero for the
QW deposition, to be able to vary the QW exciton luminescence by variation of the
QW’s thickness, i.e. the measurement position on the sample. A shift of the QW exciton
luminescence of 10 meV across the sample is yielded. The influence of the QW thickness
gradient on the energy of the uncoupled cavity-photon mode is negligible compared to
the large surface roughness of the entire cavity layer. In Fig. 5.19 an AFM image of the
MgZnO-cavity layer of MCq is shown. The large roughness is expected to lead to a poor
photonic quality of this type of MC.
In order to estimate the width of the QW, room-temperature PL measurements were
carried out. The energetic position of the QW exciton luminescence was obtained from
a spectrum on the half-cavity sample HCq at normal emission and was found to be 3.359 eV.
The energy of the barrier luminescence of 3.56 eVwas determined from a PL spectrum at
an emission angle of 40◦. This was necessary because of the influence of the underlying
DBR. At normal emission angle the barrier luminescence coincides with the high energy
BBE mode. The modulation of the reflectivity in this range leads to a modulation of the
reflected barrier luminescence and therefore to a deformation of the luminescence peak.
For an angle of 40◦ the center of the stopband is close to 3.56 eV, so that an almost constant
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Figure 5.19: AFM image of an area of 1 × 2 µm2 of the MgZnO-cavity layer with an embedded
ZnO-QW (MCq) before deposition of the top DBR. The pronounced surface roughness is probably
caused by the polycrystallinity of the underlying DBR.
reflectivity is given. From this energy a Mg-content of (15± 3) % is obtained by evaluating
Eq. [66].
Taking these input parameters, the width of the QW can be calculated using the software
given in the book by Harrison [122]. To do so, also the effective masses of the bands and
the band offsets for the valence and conduction band have to be known. As there are no
values for the effective masses of MgZnO available in literature, they have been assumed
to be equal to the ones of ZnO. The band offets for valence and conduction band are
unknown up to now. Therefore the QW width has been determined for effective masses
from [60, 123] and for different band offsets (90:10, 50:50 and 10:90), yielding an average
value of 4 ± 0.5 nm, which was used in the SE analysis.
The following data have finally been determined by SE measurements at room temper-
ature: The central energy of the bottom DBR is located at 3.36 eV, the one of the top DBR
at 3.35 eV. The MgZnO-cavity layer was modelled with a tabulated dielectric function
of MgxZn1−xO with x = 15 % [59] and including the 4 nm-thick ZnO-QW. This results
in a total barrier-layer of 170 nm and corresponds to an energy of 3.355 eV. As all three
energies – from DBRs and cavity layer – are close, the cavity-photon mode energy is also
in this range.
As the active medium in this MC type consists of a 4 nm thick ZnO QW, it is certainly
interesting to know, whether this thin layer is still present after the growth of the top
DBR at 650 ◦C or if interdiffusion completely destroys the interfaces. Therefore the test
cavity sample TCq has been cleaved, and one part was treated under the conditions of
the growth process of a top DBR. During this process the sample piece was placed into
the growth chamber, the chamber was evacuated and heated up to 650 ◦C with an oxygen
pressure of 2 × 10−3 mbar for one hour. Then the first layer of the top DBR (alumina)
was deposited, and the sample was then left in the chamber for 90 min, which is the time
the deposition of the top DBR would take and then cooled down. This first layer was
deposited to ensure the same MgZnO morphology, as it is in MCq. As already shown for
a ZnO layer in Sect. 4.2.1.2, a considerable roughening of an unprotected layer occurs
during annealing even under low vacuum conditions. The PL spectrum of the as grown
TCq is depicted in Fig. 5.20a as a black line. The QW exciton emission is dominating
compared to the higher energetic barrier luminescence. The red line in the same figure
corresponds to the sample piece which was subject to the simulated growth process of the
top DBR. The simulated growth process leads to a blue-shift of the QW exciton emission
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Figure 5.20: (a) Lifetime of the QW excitons for the TCq as grown (black symbols) and of the
same structure after the simulation of the growth process of a top DBR (red symbols) at T = 2 K
and corresponding PL spectra, normalised to the QW emission. (b) Lifetime of QW excitons for
the HCq (black squares) and the MCq (red circles) for an emission angle of 0◦ and p-polarisation at
T = 2 K and the corresponding normalised PL spectra (black and red lines, respectively). Angular
resolved PL spectra of MCq for s- (c) and p-polarisation (d) at T = 10 K measured for emission
angles 0◦ − 70◦ in steps of 2◦.
and of the MgZnO barrier luminescence of about 5 meV and 10 meV, respectively. The
barrier blue-shift cannot fully account for the shift of the QW exciton luminescence, and
with the above described procedure a decrease of the QW width of about 0.25 nm can be
estimated. This can be caused by diffusion of Mg into the QW. In Fig. 5.20a the lifetime
from time-resolved PL measurements is depicted by symbols for the corresponding PL
spectra. The DBR growth simulation leads to a slight decrease of the QW exciton lifetime
of about 4 %. This decrease is stronger for higher energies, where the influence of the
barrier is getting larger. So, the DBR growth simulation seems to change the structure of
the MgZnO barrier layer, facilitating excitonic recombination.
5.2.1.2 Weak Coupling in QW Microcavities
In Fig. 5.20c and d angular resolved PL spectra are shown for s- and p-polarisation,
respectively. Four distinct MC modes can be observed. The two modes exhibiting a non-
constant dispersion can be assigned to the low energetic BBE starting at 3.08 eV and to
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the cavity-photon mode (as a shoulder) at 3.45 eV for normal emission. The two constant
modes are attributed to the ZnO-QW exciton and to the MgZnO barrier at 3.391 eVand
3.663 eV, respectively. An anticrossing behaviour of the MC modes could not be found for
any mode.
The lifetime of the QW exciton in MCq was found to be enhanced by about 25 %
compared to HCq (Fig. 5.20b), presenting an indirect hint for the presence of the Purcell-
effect. This is the only MC design discussed in this work, where no strong coupling could be
observed. From the above described planar MCs one can deduce, that for the bulk-like MCs
a high cavity surface roughness is not a crucial point, except for the broadening of the cavity-
photon mode. In the case of a QW structure, however, the QW-layer conformally adopts
the rough surface, i.e. the huge peak-to-valley distances, of the underlaying MgZnO. This
implies, that the spatial QW position is subject to a large, laterally strongly inhomogeneous,
deviation from the antinode position of the electric field in the cavity layer leading to
a smaller overlap.
As the structural characteristics of MgZnO and ZnO so heavily depend on the under-
laying substrate properties, this kind of attempt for the growth of QW-based MCs certainly
cannot work. However, the optimisation of QW structures on sapphire substrates has
shown good results. The corresponding growth conditions can be useful for future efforts
to apply a flip-chip top–down technique. Therein, an epitaxially grown QW structure can
be surrounded in two steps by DBR, whose crystallinity is completely irrelevant for their
performance in the MC. This approach would also offer an improvement for MCs with
bulk-like ZnO-cavity layers.
5.2.2 Microcavity on Large Area
Unfortunately the detuning range of sample MCa was not sufficiently large to reach and
investigate a possible BEC from T = 10 K up to room temperature. Therefore a large-area
MC was grown on a 2" sapphire wafer, where the energy of the uncoupled cavity mode
can be varied in a huge range by a large thickness gradient of the ZnO-cavity layer.
As a first step, the test BR11 consisting of 10 layer pairs11 Al2O3/YSZ has been grown
on a 3" silicon wafer, applying an oxygen background pressure of 0.002 mbar and a sub-
strate temperature of 650 ◦C for both DBR materials. To achieve homogeneous large-area
DBR, the substrate holder was placed far off the central axis of the plasma plume. Silicon
could be used as substrate because the DBR functionality is given independently from the
crystal quality of the layers, i.e. independently from the substrate, as long as the material
is smooth. Fig. 5.21 shows a photograph of the DBR, where a large inner circle of constant
colour of ≈ 3 cm in diameter is visible. Approaching the wafer rim, the colour changes very
rapidly due to a fast decrease of the deposition rate and consequently thickness. This beha-
viour was investigated quantitatively by reflectivity measurements at an angle of incidence
of 6◦ and scanning across the wafer with the AROSE setup. The central energy of the stop
band, obtained by the average of the BBE minima on both sides of the stopband, is depicted
11DBR on silicon substrate must start with alumina, because highest reflectivity is achieved by a strictly
alternating succession of high and low refractive index material. Decreasing steps in refractive index like
Si/YSZ/Al2O3, should be avoided, but can of course be compensated by additional layer-pairs [124].
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Figure 5.21: Photograph of BR11 consisting of 10 layer pairs Al2O3/YSZ deposited on a 3" silicon
wafer. The colourful interference pattern is an excellent indicator for the thickness homogeneity of
the sample.
in Fig. 5.22a, confirming the colour impression from the photograph. The strong decrease
of the deposition rate near the wafer rim leads to a strong shift of the central energy of the
stopband in the region outside a circle of 4 cm in diameter. Supplementary SE investiga-
tions have been performed on five positions of the wafer, as indicated in Fig. 5.22b, where
the corresponding model-calculated reflectivity spectra are shown. The shape of the spectra
is almost identical for all positions and a maximum reflectivity of 99.7 % was calculated
for normal incidence. The tiny shift of the central energy of the DBR was determined to
be only 0.4 % and 1.3 % within a region of 3 cm and 4 cm in diameter, respectively.
(a) (b)
Figure 5.22: (a) The central energy of the stopband for an angle of incidence of 6◦ measured across
the 3" wafer DBR BR11. (b) Five reflectivity spectra obtained from layer stack model analysis of
the ellipsometry data recorded at the indicated radial positions on BR11 at normal incidence. The
maximum reflectivity at the central energy of the stopband is 99.7 %.
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This procedure was then repeated for the growth of a complete MC (MCl) on a c-plane
oriented 2" sapphire wafer. Figure 5.23a shows the YSZ and alumina thicknesses of the
bottom DBR of MCl, obtained from a model analysis of a scan across the wafer with the
M2000 ellipsometer, under the assumption of constant layer thickness for YSZ and alumina.
In Fig. 5.23b reflectivity spectra calculated from model analysis of ellipsometry data taken
in a wider spectral range (VASE) are shown for the center of the wafer and in a radial
distance of 1 cm and 2 cm. The central energy of the DBR shifts from 3.343 eV in the
center to 3.375 eV (equal to 1 % difference) at a radial distance of 2 cm. The homogeneity
is only slightly worse than for the DBR on the 3" silicon wafer, caused by the different
oxygen pressure applied for optimal YSZ growth on sapphire, which changes the form
of the plasma plume, but still sufficient for application in the MC. In the second step the
ZnO-cavity layer was deposited applying the same conditions as for the MCa sample and
the top DBR was grown analogue to the bottom one. The substrate rotation during growth
of the ZnO layer was of course set to be zero to yield a huge thickness gradient. In Fig. 5.23
the thicknesses of the DBR layers and of the ZnO-cavity layer, as determined from SE, are
plotted. The small variation of the DBR layers is slightly self-compensated, by the fact,
that the deposition rate of YSZ and alumina has a different radial dependence due to the
different applied oxygen partial pressures, respectively. The thickness of the ZnO-cavity
layer varies in the large range between 65 nm and 310 nm across the wafer.
Strong coupling in this MC was confirmed by angular-resolved PL spectra, showing
a coupling strength of about 40 meV. This value was assumed to be constant for the entire
wafer and used to estimate the energetic position of the uncoupled cavity-photon mode
as a function of the position on the sample. The change in detuning across the wafer was
determined from a PL linescan carried out at room temperature. The spectra were recorded
from normal emission and are depicted in Fig. 5.24 as a contour plot. The thickness of the
cavity is increasing from left to right, as indicated in the top scale. Starting with a strongly
positively detuned case with the mode number m = 1, i.e. with a corresponding optical
thickness of half a wavelength, the detuning is decreased to very negative values by the
increasing layer thickness down to a point, where the cavity mode and hence the LPB
(a) (b)
Figure 5.23: (a) Geometrical thicknesses of the bottom DBR layers and average sum of the optical
thickness of one layer pair of MCl deposited on a 2" sapphire wafer. (b) Reflectivity spectra of this
DBR in the middle of the wafer and at a radial distance of 1 and 2 cm.
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Figure 5.24: PL linescan at room temperature across the 2"-MC showing the wide range of
accessible detunings. The uncoupled cavity-photon and excitonic mode (white dashed lines) have
been obtained from the experimentally determined energy of the LPB (black circles). The energy
of the Bragg band edge mode on the low energetic side is indicated by white squares. The top scale
indicates the thickness of the ZnO-cavity layer.
leaves the DBR stopband on the low energetic side. The BBE mode is located at about
3.0 eV for the inner part of the wafer. At this point, the uncoupled cavity-photon mode with
m = 2 reenters the DBR stopband from the high energy side, resulting in a LPB close below
the exciton energy corresponding to again very positive detuning. For further increasing
thickness, this is repeated two more times for the cavity mode with mode number m = 3
and m = 4, i.e. where the cavity thickness corresponds to a so-called 3λ/2- respective
2λ-cavity. For positions with radius larger than 2 cm, an increasing influence of the low
energetic BBE mode can be seen, finally leading to a turning point of the LPB energy. Even
if the energy of the BBE mode seems far away, it has to be considered, that the FWHM
of this mode amounts to 50 meV. The turning point of the LPB at x = 2.2 cm (m = 4) is
caused by the blue-shift of the DBRs at the edge of the wafer. Their central energy and
therefore also the lower band edge mode shifts quickly to higher energies due to the strong
decrease of the deposition rate approaching the wafer’s edge as described above.
5.2.3 Microcavity with Mesa Structures
To capture a Bose–Einstein condensate of exciton-polaritons, i.e. to prevent the polaritons
from flowing away in order to obtain a high density at a certain spatial position, lateral
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potential traps could be of use. Also quantum fluids passing an obstacle show fascinating
effects [125]. To investigate hydrodynamics on such a small scale, correspondingly small
obstacles have to be synthesized. With the aim of polariton transport in circuits or neurons,
channel structures are necessary.
As photonic disorder induces separation or localization of the condensate states, it is
of high interest to have the ability to artificially design disorder to localise the condens-
ate, and create several traps differing in size to study the interaction of desynchronized
condensates [126].
5.2.3.1 Growth and Structural Properties
One possibility for traps is to create potential wells for the photonic component, i.e. to
spatially vary the cavity-photon energy by a local change of the cavity layer thickness.
First attempts to structure the ZnO cavity layer have been made in the frame of this
thesis. For this, the MCm1 sample was grown applying the same growth conditions for the
ZnO-cavity layer as for MCs, but in this first test without the smoothing step. Mesas have
been fabricated structuring the ZnO-cavity layer by photolithography with subsequent
wet chemical etching in highly diluted phosphoric acid (1:80.000). In doing so, mesas of
diameters ranging between (10 − 100) µm with a height of about 4 nm with respect to the
surrounding layer were created. An AFM image and profile of a 10 µm-mesa on MCm1 is
shown in Fig. 5.25a and b. The area beside the mesa seems to be etched slightly deeper
than the surrounding area further away. The rms roughness determined on the circular area
is Rrms = 3.4 nm.
The second sample MCm2 was synthesized analogously to MCa to proof the principle
for this more complicated design. The mesas have been etched into the XRD-amorphous
ZnO-layer before YSZ-capping and annealing. Figure 5.26 shows AFM images of the very
same 10 µm mesa before capping, after capping and after annealing, demonstrating that the
annealing step does not destroy the mesa structure. The rms roughness of the respective
0 15µm
0
15 µm 20
10
(b)(a)
Figure 5.25: AFM image (a) and central profile (b) of a 10 µm mesa structured on the ZnO-cavity
layer of sample MCm1.
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(a) (b) (c)
10nm
0 nm
20 nm
Figure 5.26: AFM images of an area of 15 × 15 µm2 showing the very same mesa before capping
(a), after capping (b) and after annealing (c) of MCm2. The non-ideal shape in (a) is caused by drift
of the sample during the AFM measurement.
circular areas is Rrms = 1.5 nm, Rrms = 1.1 nm and Rrms = 2.0 nm, being smaller compared
to MCm1.
5.2.3.2 Exciton-Polaritons in Mesa MCs
The formation of a mesa in the cavity layer leads to a modification of the potential landscape.
In the SCR the mesa acts as a potential well for the exciton-polaritons. The difference of
the cavity layer thickness between the etched and the unetched part of about 4 nm causes
a difference in the cavity-photon mode energy of about 20 meV. Therefore the energy of the
LPB should also differ in the etched and the unetched part. In Fig. 5.27 angular-resolved PL
spectra of MCm1 at T = 10 K are shown as a contour plot together with the single spectrum
for normal incidence, taken from the two regions with 200 µm in diameter marked by the
circular spot in the mask scheme below. Apart from the luminescence coming from the bX,
clearly emission from two LPB (named LPB1 and LPB2) is visible. The energy difference
of the two uncoupled cavity modes can be deduced from the line shape analysis to be
about 20 meV, which is in good agreement with the difference being calculated from the
thickness difference. Strong coupling to the bX could not be observed.
In order to visualise the mesas in an optical way, the AROSE setup has been modified
to reduce the excitation spot diameter to about 50 µm. Then the emitted PL signal was
detected at normal emission angle, while scanning across the mesa sample. In Fig. 5.28
the lithography mask is compared to the ratio between the PL intensity from LPB1 and the
sum of the intensity from LPB1 and LPB2, i.e. ILPB1/(ILPB1 + ILPB2). Due to the still rather
large spot size the obtained PL contour plot is blurred with respect to the perfect mask, but
nevertheless the mesas are clearly visible.
PL spectra of MCm2, grown applying the annealing approach, at T = 10 K for s- and
p-polarisation are shown in Fig. 5.29a and b. Again two modes corresponding to the LPB
emission from the etched and the unetched part can be seen. Analysis of the dispersion
reveals clearly the SCR, but does not give clear evidence if there is coupling to the bX.
Additionally, emission from the DBX at 3.333 eV is seen, which was not observed for the
MCa. A reason for this finding could not be found in the frame of this work.
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Figure 5.27: Contour plot of angular-resolved s-polarised PL spectra combined with the PL spectra
for normal emission taken from two positions of MCm1, schematically shown in the mask image
below (c). Here, black corresponds to etched regions. By choosing these two positions, the contri-
bution from LPB1 (a) and from LPB2 (b) is maximised, respectively. In addition, emission from the
bX is observed.
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Figure 5.28: (a) Photolithography mask employed for the synthesis of mesas in MCm1 and intensity
ratio of LPB1 to the sum of the intensity of both branches obtained from a PL scan at T = 10 K and
normal emission with a spot size of about 50 µm across a corresponding sample area.
Results from a µ-PL scan across a mesa with 10 µm in diameter on sample MCm2 are
shown in Fig. 5.30. The step width was 0.5 µm. The spectra have been obtained by binning
the CDD lines corresponding to normal emission in the Fourier imaging mode. They have
been analysed by line-shape analysis, using two oscillators for the two LPBs with the
energies and amplitudes as parameters. The FWHM of both LPBs was found to be 6 meV
for bright positions.
In Fig. 5.30a, b and c the intensities of the LPB1, of LPB2 and of the sum of both as
a function of the spot on the sample are depicted in a contour plot. The shape of the mesa is
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Figure 5.29: Contour plot of angular-resolved PL spectra of MCm2 for s- (a) and p-polarisation (b)
showing simultaneously two polariton branches for the etched and unetched area, respectively. Both
contributions are similar due to the large size of the excitation spot in the AROSE setup as depicted
by the blue circle on the mask below.
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Figure 5.30: Results from a µ-PL-scan over a mesa with 10 µm of MCm2 in diameter for normal
emission: (a) and (b) show the intensity of the respective LPB peaks of the etched and unetched
regions at their respective energies given in (e) and (f). The sum of the intensities of both LPBs is
shown in (c). A PL linescan across the mesa is depicted as a contour plot in (d).
clearly visible. The small features beside the mesa are an inambiguous proof, that this mesa
is the same as the one, which has been investigated by AFM (see Fig. 5.26). The boundary
between the mesa and the etched surrounding is well defined, the transition occuring on
a length scale of 1 µm.
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In Fig. 5.30e and f the energy of the LPB1 and LPB2 is depicted for the regions where
their emission dominates, respectively. The emission energy of LPB1 is homogeneous
on the length scale of the excitation spot of 1 µm, showing a faint increase towards the
rim of the mesa of 3 meV. Also the energy distribution of LPB2 is quite homogeneous
except on the positions, where the features, discussed above, are located. As the intensity
in the region beside the mesa is very low, the energetic position is subject to a larger
uncertainty there. So, the increase of the LPB energy is better visible in the linescan shown
in Fig. 5.30d. Photonic disorder should be present for smaller length scales, as expected
from the morphology accessible by AFM. Photonic disorder on a large spot diameter of
100 µm can also be excluded from measurements at the AROSE setup on all other MC
structures. A systematic study concerning this by variation of the excitation spot was not
subject of this work.
It seems, that within the mesa there is slightly more intensity near the rim. Additionally,
the total intensity plot shows only low intensity for the region directly beside the mesa.
The latter is partially caused by the structural imperfection of the top DBR layers at the dis-
continuity of the cavity layer thickness at the edge of the mesa. Further, recalling the AFM
images, the region directly beside the mesa is etched marginally deeper, than the region
further away. This is also seen in PL by the linescan shown in Fig. 5.30d, where close to
the mesa the energy of the LPB is increasing. The less negative detuning of the LPB in this
region could explain the lower occupation. This increase in energy of the LPB is also found
towards the rim of the mesa (Fig. 5.30d), so that analogously, the intensity near the rim
of the mesa should be decreased with respect to the middle, which is not the case. So both
findings together, could also be interpreted as a trapping effect of the mesa. Considering
the short lifetime of polaritons for small k, they could only enter the trap by tunneling.
5.3 Nanowire Microcavities
A very promising approach for high-quality MC is to use ZnO nanowires (NW) as cavity
material. As these wires grow in a self-organised way they exhibit a supreme crystal quality,
leading to a higher oscillator strength and hence to a higher coupling strength compared to
that achieved in planar samples of the present work. The coupling strength is also enhanced
by the stronger confinement in 1D systems compared to the planar 2D-systems. Finally, the
well-defined facets of the NW are expected to provide a high photonic quality of the MC.
For the MC, NW templates fabricated by M. Lange and J. Zúñiga-Pérez have been
used. Their growth process starts with the deposition of a rough ZnO nucleation layer
(c-oriented) with a thickness of several hundreds of nm on an a-plane sapphire substrate in
a conventional PLD chamber (Fig. 5.31a). Here the substrate temperature is about 650 ◦C
and the oxygen partial pressure is 0.02 mbar. In the next step, the ZnO NWs are grown in
a quartz tube chamber at a temperature of 750 ◦C and using Ar as a carrier gas with a partial
pressure of 100 mbar. The special design of this chamber can be found in [98] and is briefly
described in Sect. 3.1.3. The plasma plume is oriented parallel to the substrate to obtain
isolated NWs (Fig. 5.31a) and not a closed thin film. The low density of NWs is crucial for
later coating with DBR and is provided by the use of a substrate with a ZnO nucleation
layer. NWs with very homogeneous length and diameter have been obtained. The length of
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Figure 5.31: Schematic of the three process steps for the fabrication of NW MC: (a) deposition of
a rough nucleation layer, (b) growth of low density NW and (c) homogeneous coating with DBR.
the nanowires can be adjusted by the number of applied pulses and the diameters together
with the lateral density by the substrate-to-target distance [A4].
5.3.1 Growth of the Shell DBR
Using these low-density nanowire templates as a basis, the final step was performed in
a conventional PLD chamber (see Sect. 3.1.2). The NWs have been coated with 8.5 layer-
pairs YSZ/Al2O3 shell DBR applying an oxygen partial pressure of 0.002 mbar, a substrate
temperature of 150 ◦C and a substrate rotation at 1.5 rpm (see Fig. 5.31c). To achieve this
homogeneous coating of the NWs two requirements have to be met: First of all such low
substrate temperatures are applied to obtain amorphous but smooth layers and second the
NW are tilted by 30◦ with respect to the plasma plume (oblique incidence PLD - OIPLD)
for a higher deposition rate on the side facets. As depicted in Fig. 5.32a a deposition at
high substrate temperature (and without tilt) leads to the formation of crystallites and rough
DBR interfaces. A tilt angle of 30◦ was chosen because the deposition rate decreases very
rapidly for angles greater than that (Tab. 5.2). This rate was determined in a first study from
YSZ planar thin films grown at TS = 650 ◦C, however, this behaviour is independent from
the substrate temperature. The decrease is caused by the chamber geometry, because the
substrate holder as a whole is tilted out of the plasma plume, whereby the axis of rotation
is further away from the substrate (see schematic in Fig. 3.1 in Chap. 3.1.2). Considering
the deposition rate on the NWs, the deposition rate is decreased by a factor of 2.55, leading
to a process times in the range of 8 h.
This low temperature OIPLD process thus leads to a very homogeneous coating with
sharp interfaces and low roughness in the DBR layer stack shown in Fig. 5.32b for a cross-
section perpendicular to the NW axis as well as along the nanowire. The hexagonal basal
plane of the ZnO nanowire can be clearly seen. The inner DBR layers initially adopt this
hexagonal shape becoming more and more circular with increasing diameter (see inset in
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Table 5.2: Deposition rate of YSZ as a function of the tilt angle of the substrate holder determined
by SE. For all samples 6200 pulses have been applied.
sample name DR01 DR02 DR03 DR04
tilt angle (◦) 0 20 30 40
deposition rate (nm/min) 9.5 8.9 5.5 2.8
500nm
250 nm
1000 nm
(a) (b)
Figure 5.32: SEM images of a NW coated with 2.5 layer-pairs DBR at high growth temperature
and normal deposition (a) and a NW coated with 8.5 layer-pair DBR at low growth temperature
and under oblique incidence (b) . The cross-sections have been prepared by FIB. (Prepared and
measured by J. Lenzner and G. Zimmermann, respectively.)
Fig. 5.32b). During deposition also a planar DBR is deposited on the planar area between
the NW, where the deposition rate is about 2.55 times higher (see above), as obtained by
SEM from FIB cross sections. This fixed ratio of the deposition rates is very useful for the
calibration of the layer thicknesses and the desired central energy of the stop band for the
cylindrical DBR: A test growth process of planar layers on simple silicon substrates can
be used to determine the current deposition rate. The necessary number of pulses for the
desired thicknesses of the coaxial DBR can be calculated using this information, prior to
the coating of a nanowire sample.
However, the low substrate temperature has one drawback: the long-time stability under
irradiation by the tightly focused HeCd-laser beam in the used µ-PL setup. It was found
that irradiation for several days onto the same NW MC starts to deteriorate the DBR layers
due to the broadening of the near-bandgap electronic transitions causing slight absorption
at the laser wavelength of 325 nm. The presented data in the following have been obtained
in experiments, where the single NW-MC was irradiated for 24 h at maximum.
5.3.2 Light–Matter Coupling
The following optical investigations have been carried out in cooperation with R. Schmidt-
Grund, C. Sturm, A. Meissner, C. Czekalla, J. Sellmann [81],[A3]. µ-R and µ-PL exper-
iments have been performed on cleaved samples, in order to investigate lateral resonator
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Figure 5.33: Reflectivity of a nanowire coated with 8.5 layer-pairs DBR detected by µ-R from the
lateral side [A3],[81].
modes on NW MC standing close to the cleaving edge. These investigations have been
carried out as a function of temperature and in dependence on the diameter of the NW core
to study the effect of the detuning and to determine the type of coupling. In order to estimate
the position of the stopband, a RT µ-R spectrum shown in Fig. 5.33 was analysed using
a layer stack model by means of transfer matrix calculations. This is possible, as the NW
are found to be oriented with their m-plane along the cleaving edge and the total diameter of
the NW-MCs of about 2 µm is large enough to justify the assumption of a planar model [59].
The obtained analysis qualitatively describes the features of the experimental spectrum.
From this model reasonable DBR thicknesses can be deduced, the cavity layer thickness
however cannot be determined correctly as its 2D confinement is not taken into account.
Spectra obtained from µ-PL measurements have been recorded at room temperature
scanning along the axis of a MC with a ZnO NW core of 460 nmin diameter with a decrease
of 13 % towards the tip (Fig. 5.34 left). Further a NW MC with a diameter of 520 nm
has been investigated varying the temperature 75 K − 300 K (Fig. 5.34 right). The large
mode broadening is mainly caused by the experimental setup where a microscope objective
with numerical aperture 0.42 is used, corresponding to a light cone with a flare angle
of 20◦. Nevertheless a shift of these modes as a function of detuning by temperature or
cavity thicknesss is observed, which does follow neither that of pure excitonic nor that of
uncoupled cavity-photon modes. This is a hint, that the MC is in the strong coupling regime.
The model for the mode calculation was developed by A. Meissner in cooperation with
C. Sturm, R. Schmidt-Grund [81]. The obtained exciton-polariton modes from this model,
by taking into account several photonic and excitonic modes, are superimposed to the exper-
imental data in Fig. 5.34. There are several cavity-photon modes due to the thicker diameter
of the NW compared to the cavity layer in the planar MCs. Several excitons are coupled
because also the phonon replica have to be regarded. As phonon replica form a significant
contribution in PL spectra of high-quality ZnO, this indicates the superior properties of
NW compared to the presented planar ZnO-cavity layers. The energetic position of the
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Figure 5.34: PL spectra of a NW MC as a function of the NW thickness at room temperature by
a scan along its axis (a) and of the temperature for a fixed spot position (c). The diameters of the
NW are about 460 nm in (a) and (b) and about 520 nm in (c) and (d). The experimentally observed
modes are indicated by red dashed lines in (a) and (c) and as symbols in (b) and (d), respectively. In
(b) and (d) the calculated exciton-polariton branches (red lines) obtained from Eq. (2.57) assuming
Vi ≈ 80 meV are plotted together with the uncoupled cavity photon modes from Eq. (2.41) (green
dashed lines) as well as exciton modes with their phonon replica (blue dashed lines) [A3],[81].
cavity-photon modes has been calculated by Eq. (2.41), with the refractive index without
excitonic contributions assumed to be the same as in planar samples discussed earlier. The
temperature dependence of the excitonic modes was determined on uncoated ZnO NW.
The exciton-polariton modes are the eigenvalues from the more complex Hamiltonian (see
also Sect. 2.4.2). Setting all coupling strengths Vmn fix, the best fit was found for a value
of about 80 meV, twice the value obtained for the planar MC of this work.
5.4 Summary
In this chapter, various growth approaches for ZnO-based MC have been presented. Almost
all of them, except the QW-based MC, show strong coupling. Already the results from
the MCp have shown, that epitaxially grown samples and perfect crystal structure are not
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necessarily needed in order to reach the SCR. It was even this sample which provided clear
evidence for strong coupling regime up to 410 K, not having been reported in literature
at that time. However more effort was put into the improvement of the MCs’ quality,
both photonic and electronic. The approach to anneal smooth but XRD-amorphous cavity
material, was very successful. Inspite of the YSZ capping layer, deposited to protect the
cavity layer against roughening during the annealing process, quite large grains of almost
100 nm in size have been formed. With this method a small mode broadening of the LPB
has been reached, corresponding to a quality factor of about 1000. Therefore and also
because of the detailed knowledge concerning the occupation behaviour [A6], this MCa
sample was chosen to be investigated at EPFL with pulsed excitation, as will be discussed
in Chap. 6.
Another approach was to smooth a cavity layer which was grown at conditions optim-
ised for good electronic properties exhibiting therefore a very rough surface. This method
yielded only slightly larger grains compared to the annealing type. But there is still room
for improvement in the smoothing technique, in order to further reduce the cavity layer
roughness, for an enhancement of the quality factor. Interestingly this MC has shown very
probably coupling to higher excitonic contributions probably due to the C-exciton and po-
larons, resulting in two additional, middle polariton branches. The nature of these excitonic
states and their particular coupling properties must be the subject of future investigations.
The attempt to incorporate a QW structure into a MC, has shown that the bottom-up
approach in this form fails. A better way to obtain reasonably good structures would be
provided by the flip-chip top–down technique, an approach which could also improve bulk
ZnO-MCs.
The large-area deposition of a DBR has shown a very good homogeneity of the central
energy of the stopband over 4 cm in diameter of the wafer. Exploiting the natural form of
the plasma plume a thickness gradient for the ZnO-cavity layer is obtained, such that the
cavity photon mode for mode numbers of one, two and even three can be tuned or detuned
over a wide range with respect to the exciton mode. This provides a sample, where it is
certain, that all environmental influences, e.g. during growth or annealing, are the same
for the entire sample. This approach could be expanded to DBR, which are grown without
substrate rotation, in order to match the zero-crossing of their phase to the cavity thickness.
This certainly presents a rather ambitious project, whose realisation may be limited by the
form of the plasma plume, which can be influenced only to a certain extent by the variation
of the oxygen partial pressure.
By structuring the ZnO-cavity layer by photolithography and wet chemical etching,
the formation of mesas on the cavity layer has been successfully demonstrated. µ-PL
investigations have shown an intensity distribution, which can be attributed to a trapping
effect for exciton-polaritons. Further investigations applying pulsed excitation would be
very interesting, to see how this trap acts on a BEC of exciton-polaritons.
The successful coating of ZnO NW was demonstrated achieving smooth and conformal
DBR layers. The analysis of the resonator modes as a function of NW thickness and
temperature indicate that the strong couling regime is present assuming a coupling strength,
twice that of the planar MCs in the present work. Due to the high quality and large aspect
ratio of the ZnO NW, they are very promising for future studies of BEC transport.
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Bose–Einstein Condensation
In this chapter polariton condensation in the annealed MC (MCa) for T = (10− 250) K shall
be discussed. The properties of these non-eqilibrium states have been investigated for a set
of different temperatures and detunings. The presented PL spectra have been obtained with
a Fourier imaging setup under pulsed excitation. The possibility for these measurements
was kindly provided by Prof. N. Grandjean at Ecole Polytechnique Fédérale de Lausanne
(EPFL) in Switzerland during a guest stay. Experimental support was given by G. Roßbach,
J. Levrat and M. Cobet, working at EPFL.
At the same time, first observations of polariton condensation at 120 K have been made
by the french group around B. Gil, T. Guillet and J. Zúñiga-Pérez [17]. This year, hints for
polariton condensation at RT in ZnO-based MC were reported by Lu et al. [18]. Further
results for polariton lasing at 90 K and 120 K by Orosz et al. [19] have been reported on a
MC with enhanced Q compared to the one investigated in [17].
The preliminary investigations in Leipzig by cw excitation have given predictions,
that a negative detuning is desirable to reach BEC in this MC [A6]. Therefore the main
parameter under investigation was the effect of the detuning on the lasing threshold, on the
underlying lasing mechanism but also on observed dynamic features of the condensate. It
was found that several characteristics of the measured Fourier images resemble the ones
observed by Richard et al. [93, 94] in a CdTe-based MC and the ones obtained theoretically
by Wouters et al. [90, 127]. For these specifities the size of the excitation spot plays
a crucial role.
In the following the threshold as a function of detuning and temperature is discussed
for two different mechanisms giving rise to lasing activity: The formation of a BEC of
exciton-polaritons and the laser emission from an electron–hole plasma. Estimations from
the obtained blue-shift of the condensate emission allow to deduce effective excitonic
densities, which includes reservoir excitons as well as excitons localised by disorder, bound
to impurities or dark excitons. Finally, the special k-space distribution of the BEC will be
analysed with respect to dynamic properties, i.e. propagation, and localisation mechanisms
of the condensate.
As unfortunately a direct proof of BEC by experiments measuring the photon statistics
or the correlation function was not possible within this work, the interpretation of the
observed emission properties as signatures of a BEC is based on several effects, which
have to be considered as an entity: the energy and lifetime of the condensate together with
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its threshold behaviour, especially the distinct condensate distribution in k-space and also
the observation of a second threshold for electron–hole (e–h) plasma lasing. These effects
have been studied for 13 different pairs of temperature and detuning (T, ∆), giving rise to
a unified picture [A1]. From the overall evolution of the observed effects as a function of
temperature and detuning, some general conclusions concerning relaxation and scattering
properties and the involved individual processes will be drawn and compared to other
observations in ZnO-based MCs.
It has to be mentioned, that the quantitative evaluation in the following is subject to
some uncertainty in the determination of the threshold power and condensate blue-shift,
caused in the experiment itself but also in the data analysis. On the one hand, the actual
choice of the focus distance in each measurement influences the threshold power. Further,
the inhomogeneity of the sample concerning the lifetime and the emission intensity (see
Sect. 5.1.2.2) influences the threshold, the dynamics and the scattering processes of the
BEC. On the other hand, as the condensate in many Fourier images appears not at a single
but several energy levels, this adds uncertainty to the actual onset of the non-linear intensity
increase, the lasing threshold as well as the blue-shift. Combined, these effects lead to some
scattering in the presented data, which nevertheless allow qualitative general conclusions.
6.1 A First Example
6.1.1 Exciton-Polariton Condensation
As an examplary case, the properties of the polariton condensate will be discussed for
T = 130 K and a detuning of ∆ ≈ −40 meV. The corresponding Fourier images are shown
in Fig. 6.1a. For low excitation the dispersion of the LPB is observed. An enhancement of
the pump power leads to a non-linear increase in emission intensity together with a spectral
narrowing of the corresponding peak (see Fig. 6.1b and c). The dispersion of the LPB is
still present, thus the strong coupling regime is maintained. The data points below threshold
in Fig. 6.1c have been obtained from the LPB emission, which is more and more broadened
as depicted in Fig. 6.2 due to the increasing but spatially inhomogeneous background
potential (see Sects. 6.3 and 6.5.2). The FWHM of the broadened LPB increases up
to 12 meV, followed by a decrease of more than one order of magnitude at threshold,
where condensation sets in. Above threshold the FHWM of the condensate emission
slightly increases as a function of pump power (Fig. 6.1c). This figure also shows the
emission energy as a function of excitation power as blue symbols. The blue-shift below
threshold was estimated by taking the average energy of this broad LPB distribution at
k = 0 as illustrated in Fig. 6.2 by the crosses. The energy difference between LPB at low
power and the condensate emission energy at threshold is rather high. Above threshold,
a smaller blue-shift, which follows the expectations for common BEC, sets in. It is caused
by polariton–polariton interaction in the condensate and the potential provided by laser-
induced hot excitons. The detailed discussion about the origin of the two different slopes
of the blue-shift below and above threshold shall be postponed to Sect. 6.3.
The dispersion of the LPB was analysed with the model used in the previous chapter for
the cw measurements on the same sample. Therefore the coupling strength of V = 43 meV
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Figure 6.1: (a) From left to right: Fourier images in a linear color scale below (P = 0.4 Pth),
slightly (P = 1.1 Pth) and clearly (P = 1.25 Pth) above threshold for T = 130 K and a detuning of
∆ ≈ −40 meV with Pth = 37 W/cm2 showing the strong increase in photoluminescence intensity
and the peak narrowing of the condensate emission. The scaling factors are indicated in the figures.
Integrated intensity of the condensate (b) and corresponding blue-shift (see also Fig. 6.2) of the
emission energy and FWHM of the emission (c). The cavity mode energy is Ecav(k∥ = 0) = 3.325 eV
and the exciton energy is EX = 3.365 eV.
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Figure 6.2: Fourier images in a linear colour scale at T = 130 K and ∆ ≈ −40 meV below threshold
illustrating the broadening of the LPB towards higher energy. The crosses correspond to the average
energy of this polariton distribution, which has been plotted in Fig. 6.1c. The pump powers are
indicated in the figure. The white dotted line is a guide line.
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Figure 6.3: Fourier images in a linear color scale for T = 130 K and ∆ ≈ −40 meV for (a)–(c) and
∆ ≈ +40 meV for (d)–(f). Below threshold, in (a) and (d) emission from the LPB is seen. Above
threshold (b) shows polariton condensation whereas in (e) the formation of an e–h plasma band at
about 3.31 eV is observed. At high excitation, (c) shows both condensate and very weak e–h plasma
emission (the colour scale was chosen such that the e–h plasma emission is strongly emphasized)
whereas in (f) intense e–h plasma emission is detected only. In all figures Pth ≈ 37 W/cm2 is
the threshold power density for polariton condensation in the negative detuning case. The scaling
factors are indicated in the images.
obtained from these measurements has been assumed inspite of the possible influence by
the smaller spot size in this setup. This was done because the angular range of the Fourier
images (±33◦) is not large enough to obtain a more accurate value. The calculated LPB
and uncoupled cavity photon mode are superimposed on the corresponding Fourier image
in Fig. 6.3a and d and a good agreement of the LPB with the experimental dispersion is
seen. The obtained uncoupled cavity-photon mode is located at an energy of Ecav(k∥ = 0) ≈
3.325 eV, which is well above the emission energy of the polariton condensate.
6.1.2 Formation of an Electron–Hole Plasma
ZnO is known for a special stimulated emission process at higher pumping powers. This
lasing emission originates from the recombination of an electron–hole plasma [128]. It
is typically situated in the energy range (3.28 − 3.34) eV and shifts to lower energy with
increasing pump power due to the bandgap renormalisation. Inspecting the example of
130 K and ∆ ≈ −40 meV more closely, weak emission lines at (3.30− 3.31) eV are detected
at higher pump powers (Fig. 6.3c). It is characterized by dispersionless lines, distributed in
the entire k-space. These two successive thresholds are depicted in Fig. 6.4a, where the
nonlinear increase of the integrated intensity for the energetic region of the condensate is
compared to the one of the LPB. This emission is assigned to e–h plasma lasing, which
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( )a ( )b
Figure 6.4: Intensity of the different emissions integrated over the respective energy range in
the Fourier images obtained from the data set (T, ∆) = (130 K,−40 meV) (a) and (T, ∆) =
(130 K,+40 meV) (b). In (a) the first threshold for polariton condensation is followed by a second
threshold for e–h plasma lasing (see dashed lines). In (b) no condensation of polaritons was
observed.
rises above a power of about 400 W/cm2 and coincides for this detuning energetically with
the LPB emission.
In contrast to that, for a positive detuning of ∆ ≈ +40 meV (Fig. 6.3d–f) no condensation
of exciton-polaritons was observed at all. The reason for this will be discussed in Sect. 6.2.
As depicted in Fig. 6.3f and 6.4b, in the positive detuning case the MC instanteaneously
shows the same emission lines with a non-linear increase in intensity, which have appeared
for negative detunings at high pump power. The emission was found to red-shift with
increasing pump power as expected.
These dispersionless lines can be explained by 3D photonic confinement. The schematic
in Fig. 6.5 illustrates this process: The irregular size and distribution of the grains in the
Figure 6.5: Schematic topview onto the columnar structure of the ZnO-cavity layer. The reflection
of a light beam at the boundaries of grains with irregular size distribution yields so-called random
lasing by a single path gain. For this lasing mechanism the closed roundtrip condition is not required,
which enables a high spectral mode density.
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cavity layer provide an additional confinement in the lateral direction and give rise to
random light paths due to reflection at the grain boundaries, similar to a random laser [129].
The presence of grains has been shown by means of TEM (see Sect. 5.1.2.1).
6.2 Threshold Behaviour
The Fourier images measured sligthly above threshold for 9 selected data sets of different
temperatures and detunings, where BEC was observed, are shown in Fig. 6.6. They are
arranged such that the data set for the lowest (T, ∆)-pair is positioned in the left lower
corner, from where the other images follow roughly with increasing detuning on the x-scale
and with increasing T on the y-scale. For the (T, ∆)-pairs with lower temperature and very
negative detuning (see Fig. 6.6g, h, and d), the emission from the condensate appears
spot-like exactly on the LPB being a strong proof for BEC. With increasing temperature
and detuning, the LPB dispersion appears more and more broadened at threshold, due to
the increasing but spatially inhomogeneous background potential (see Sect. 6.3 and 6.5.2).
The condensate emission is distributed dispersionless at horizontal lines in k-space but is
strictly bounded by the LPB dispersion, which remains visible. Photon lasing would appear
as pure emission around k = 0 or taking disorder or random lasing into account, be visible
distributed over the entire k-space, which is not the case in the present data. The observed
distinct k-space distribution of the emission will be discussed in detail in Sect. 6.5.
Among these data, four (T, ∆)-pairs have been obtained at the same position on the
sample: the most negative detuning for 10 K, 70 K, 130 K, and 190 K, shown in Fig. 6.6g, d,
e and a, respectively. For this sample position, the energy of the uncoupled cavity-photon
mode was determined from the data set (130 K,−40 meV). It is located at Ecav(k∥ = 0) ≈
3.325 eV as described above. On the one hand, this energy is blue-shifted to about 3.329 eV
for T = 10 K and would therefore – assuming weak coupling, which is certainly not the
case – appear at the energy of the condensate (Fig. 6.6g). On the other hand, it is red-shifted
to about 3.320 eV for T = 190 K, so the observed condensate emission in Fig. 6.6a is
still situated 5 meV below. The similar appearance to Fig. 6.6a of the emission pattern
for still higher temperatures depicted in Fig. 6.6b and c together with the present shifting
LPB emission proves BEC, but it has to be mentioned that in the worst case, considering
the uncertainties of exciton energy and coupling strength, the cavity mode energy could
overlap with the condensate emission.
Additionally to the data sets shown in Fig. 6.6, three data sets have been measured at
T = 130 K with detunings of −25 meV, −10 meV and 0 meV, where the sample holder was
tilted by 15◦ leading to asymmetric Fourier images. These data have been used only for the
determination of the threshold power and of the blue-shift at threshold, as the observed
k-space distribution is strongly altered by this tilt.
The dependence of the threshold power density for BEC on temperature and detuning
is depicted in Fig. 6.7a. The threshold increases with increasing temperature and less
negative detuning due to the decreasing optical trap formed by the LPB, as a shallower
LPB dispersion implies a larger escape rate for polaritons. This confirms the results from
cw-PL investigations of the exciton-polariton occupation behaviour in this MC [A6].
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Figure 6.6: Fourier images in a linear colour scale slightly above threshold for different temperatures
and detunings as indicated in the images by T /∆ in (K/meV).
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(a) (b)
Figure 6.7: (a) Threshold power density for polariton condensation (b) and for the formation of an
electron–hole plasma as a function of temperature and detuning. The lines are guides for the eye.
It is interesting to compare these results to studies on GaN-based MC, because ZnO
and GaN have in principle much in common. These wide band-gap semiconductors are
both wurtzite type with a high exciton binding energy and oscillator strength. A phase
diagram for GaN-based MC for the threshold pump power as a function of detuning and
temperature was calculated in [112, 130]. The lowest-threshold curve was found, where
the thermodynamic relaxation regime meets the kinetic regime. In the thermodynamic
regime the threshold increases with increasing temperature and detuning. Contrarily in
the kinetic one, the relaxation of polaritons is enhanced for a shallower trap formed by
the LPB and therefore the threshold increases with decreasing temperature and detuning.
Consequently the optimal detuning is found where these two regimes meet. The resulting
optimal-detuning curve follows a more negative detuning for increasing temperature. From
comparison with these findings and according to this model, the present MC is in the
thermodynamic relaxation regime. Due to the limited accessible detuning range for the
present MC, the minimum value of threshold power and its subsequent increase in the
kinetic regime are not observed.
In literature, usually a slight positive or negative detuning is in discussion to facilitate
condensation, as due to the flatter dispersion less phonon-mediated scattering processes
are needed for an effective relaxation of polaritons into the ground state [78]. That a large
negative detuning is favorable for condensation in the present case could be explained by the
influence of LO-phonons. The ZnO LO-phonon energy is ≈ 72 meV, the present coupling
strength V > 40 meV and the observed optimum detuning about −50 meV at T = 10 K. In
this case EX − ELPB ≈ 70 meV holds, so a considerable LO-phonon scattering contribution
is expected, supported further by the very low Pth, which was found to be at least one
order of magnitude lower than for all other T, ∆-pairs. In the smoothed MC (MCs), already
hints for strong coupling with exciton–phonon complexes with a high coupling strength of
about 60 meV have been found (see Sect. 5.1.3.2), and phonon-replica play a role in the
coupling behaviour of the nanowire MC (MCn) in this work (see Sect. 5.3.2). Therefore
a polaronic influence should be considered, which possibly mediates the relaxation from
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the reservoir by polariton-LO-phonon scattering. Moreover, this is supported by the weakly
pronounced bottleneck-effect found for MCa [36]. Very recently, similar findings by Orosz
et al. [19] also have shown a reduction of the threshold power if the LPB is in resonance
with X − 1LO due to efficient relaxation from the reservoir into the ground state.
The results by Lu et al. also confirm the finding, that a large negative detuning is
needed to reach BEC [18]. They reported photon lasing at RT for the negative detuning of
∆ = −45 meV and BEC for the large detuning of ∆ = −119 meV. However, there are still
some discrepancies in their observations: the strong decrease of oscillator strength, the
limited angular range chosen for their figures, the model analysis of the LPB dispersion
and finally the quality factor of Q ≈ 200 and the corresponding lifetime seems a bit small
to counter the influence of phonons at room temperature.
The threshold of the emission from the e–h plasma is decreasing with increasing
temperature and detuning (Fig. 6.7b). This is explained by the less effective relaxation
of polaritons into the condensate with increasing temperature and detuning due to the
increased thermal escape rate out of the shallower LPB trap. Therefore at comparably
low pump powers a sufficiently high carrier density is present for the formation of an e–h
plasma.
6.3 Blue-Shift of the Condensate Emission
In Fig. 6.8 the energy of the condensate emission with respect to the minimum of the LPB
(∆E) and the FWHM are shown above threshold as a function of pump power. At threshold
the condensate forms at an energy far above the LPB minimum and then slightly blue-shifts
with further increasing pump power. This large energy difference at threshold indicates
the presence of large repulsive interaction potentials in this sample. In order to understand
the origin of these potentials, the derivation given by Wouters et al. [90] following the
Gross-Pitaevskii formalism was used as a starting point (see Sect. 2.5.1 for the definition
of the used symbols). In this publication three different reasons for this repulsion have
been proposed:
• polariton–polariton interaction in the condensate (gρ),
• repulsion by the excitonic reservoir (gene),
• repulsion by the potential from laser pump induced hot carriers (GP).
As MCa was found to be influenced by bound excitons (see Sect. 5.1.2.2) and in
general donor bound excitons play an important role in ZnO [128], a further background
contribution to the repulsive potential has been included: from localised states within
a disorder potential or bound to impurities, non-condensed polaritons present for the outer
region of the pump spot, but possibly also dark excitons. It is named gbnb and is assumed
to increase linearly in P, but assuming – for generality – two different slopes below and
above threshold, leading to the following expressions (see Fig. 6.9 for a schematic of the
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Figure 6.8: Emission energy of the condensate with respect to the minimum of the LPB (a) and
FWHM of the condensate (b) as a function of pump power. The linear aproximation in (a) was used
to extrapolate the energy shift towards P = 0 in order to obtain δE (see text). δE (c) and FWHM of
the condensate (d) at threshold for the array of different temperatures and detunings.
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Figure 6.9: Schematic of the linear behaviour of the blue-shift of the condensate below and
above threshold (black solid lines). The first slope is caused by effects from exciton reservoir “e”,
background “b” and hot excitons/charge carriers by the laser pump (G). The second slope is roughly
an order of magnitude smaller and is determined by “c” condensate interaction, bound excitons
and the pump induced potential. The slope above threshold for commonly observed condensation
(depicted in red) is greater or equal to the one below threshold, which is sketched by the two red lines.
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different contributions):
∆E (P < Pth) = ~
(
gene + gbn
(1)
b +GP
)
(6.1)
= ~
geγe + gbγ(1)b +G
 P ≡ ν1P and (6.2)
∆E (P ≥ Pth) = ~
(
gρ + gene (Pth) + gbn
(1)
b (Pth) + gbn
(2)
b +GP
)
(6.3)
= ~
geγe − gγc + gbγ(1)b −
gb
γ(2)b
 Pth +  gγc + gbγ(2)b +G
 P (6.4)
≡ ν2Pth + ν3P . (6.5)
Here, all respective densities – ρ and ni – have been assumed to be linear functions in P,
connected by the (effective) lifetime or rather inverse broadening γi (i = e,b,c) as a measure
of the inscattering rate. The quantity ne is interpreted as the sum of contributions mainly
from reservoir excitons but also from polaritons below the bottleneck, which can feed
the condensate. It is clamped at threshold, because for BEC systems, above threshold all
excess bosons scatter into the condensate state, being then part of the term gρ. Therefore,
in a common BEC process without the presence of a background potential, the blueshift is
expected to follow the characteristics plotted in red in Fig. 6.9. The slope above threshold
is usually greater or equal to the one below threshold [131], caused by γc < γe. In this
case, the pure reservoir density can be estimated from ∆E(Pth) ≡ δE within an order
of magnitude via Eq. 2.69. However, in the present case the blueshift follows the black
characteristics illustrated in Fig. 6.9. So, only an upper limit for the reservoir density in
this case can be obtained from the slope above threshold. Furthermore, the quantitative
contribution from gb/γ
(2)
b +GP cannot be sustracted as it is unknown. To obtain this upper
limit, the slope of the blue-shift above threshold is extrapolated to P = 0, thus reading δE
from the ∆E-axis as shown in Fig. 6.9. The lines in Fig. 6.8a are obtained from such linear
fits to the blue-shift of the condensate above threshold.
Doing so, Eq. (2.69) yields, inserting the free exciton binding energy EXb = 60 meV
and the Bohr radius aB = 1.8 nm, values for the density at Pth corresponding to δE
in the range 1 × 1017 − 1 × 1018 cm−3 for all (T, ∆)-pairs. This is one to two orders of
magnitude below the exciton saturation density nXsat = 1 × 1019 cm−3 calculated from
Eq. (2.64). Nevertheless, this upper limit for the density is rather high compared to the
critical density for condensation estimated from the de-Broglie wavelength. For this MC,
the critical density for condensation is in the order of npolc = (1 × 1011 − 1.5 × 1013) cm−3
for T = (10 − 300) K.
The determined δE is ranging from (0.6 − 6) meV as depicted in Fig. 6.8c, which is
similar to the one obtained by Guillet et al. [17] of about 3 meV. The evolution of the
FWHM of the condensate is depicted in Fig. 6.8b as a funtion of the pump power. It does
not reveal a significant trend with temperature or detuning (Fig. 6.8d) and is also similar to
the one found in [17].
Coming now back to the influence of the term n(1)b , which can be estimated from the
blue-shift at threshold:
ν1 ∝ ∆E (Pth)Pth . (6.6)
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Figure 6.10: (a) Interaction terms with excitonic states, background states and the pump induced
potential as a function of temperature and detuning deduced from ∆E at threshold. (b) Ratio of the
blue-shift from background states to the blue-shift caused by reservoir excitons.
The quantity ν1 was determined for the (T, ∆)-pairs and is shown in Fig. 6.10a. It is
decreasing/slightly decreasing as a function of increasing temperature/detuning. However it
has to be mentioned, that these data are subject to a large scatter due to the large uncertainty
in the determination of the threshold power. The contribution of these background states
to the blue-shift below threshold is at least a factor (∆E(Pth) − δE)/δE higher compared
to the contribution from the exciton reservoir. This factor is depicted in Fig. 6.10b and
amounts to 10 on average, reflecting the dominating effect of this background potential.
This implies, that the decrease of ν1 with increasing temperature is caused mainly by the
decrease of gb/γ
(1)
b . Assuming gb to be constant with temperature and detuning, it can be
understood by the increasing thermal radiative and/or non-radiative losses of these states.
This large factor implies furthermore, that the occupation density of these states is an order
of magnitude higher than the one calculated for the reservoir excitons. The relaxation
process into these states is very efficient [132, 133], as the corresponding relaxation rate
is much larger compared to the radiative decay rate of the excitons and to the relaxation
rate for polaritons down the LPB dispersion. So these localised states can trap a lot of
excitons, and only when they are saturated, scattering can start into the ground state, which
is blue-shifted due to the large background potential. This saturation would also explain,
why gbnb contributes only slightly to the slope of ∆E above threshold, i.e. why gbn
(2)
b is
small. Recent results by Orosz et al. [19], obtained on a MC with enhanced quality factor
(Q ≈ 600) with respect to [17], also shows a large blue-shift at threshold between 10 meV
and 20 meV and thus similar to the one discussed here [A1]. However, it seems not to
saturate at high pump powers.
6.4 Relaxation
Above threshold, more and more dispersionless lines of condensate states, exhibiting
roughly equidistant energy spacing, appear within the dispersion of the LPB. This was
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found for all (T, ∆)-pairs, however the recorded Fourier images are often subject to a lot of
disorder effects. Further it is not always clearly separable between a blue-shifted condensate
or a new one arising in the recorded data. As an example data taken at T = 130 K and
∆ ≈ −40 meV, shown in Fig. 6.11a–d, shall be discussed. In Fig. 6.11e angle-integrated
PL spectra are shown, which have been obtained by summing up the Fourier images over
all emission angles. Please note, that this procedure leads to a large linewidth due to
the summation over condensate emission at different k with slightly different energies.
With increasing pump power, relaxation of condensate polaritons into lower levels can be
observed, highlighted in the figure by the white dotted lines.
This effect was explained theoretically by a spatially inhomogeneous repulsive potential
induced by the Gaussian profile of the pump laser [127]. In this picture, polaritons are
relaxing down this potential being also of Gaussian shape by steps of energy ∆Er as shown
schematically in Fig. 6.12. These theoretical investigations have been initiated by results
from GaAs-based wire-MC published in [134]. The established model shows that the net
scattering rate from a mode at E′ to a mode at E is given by:
r(E, E′) =
1
~
κ
(
E′ − E) = 1
~
κ∆Er . (6.7)
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Figure 6.11: (a)–(d) Fourier images in a linear color scale for T = 130 K and ∆ ≈ −40 meV
showing the relaxation of the condensate polaritons into a lower energy level at a second threshold
P = 1.15Pth highlighted by the white dotted lines. (e) Evolution of PL spectra summed over
all emission angles (respective k) as a function of the pump power revealing more details in the
logarithmic scale. The four spectra marked by thick lines correspond to the four images (a)–(d).
From this, values of ∆Er = 1.5 meV and γc = 1.5 ps−1 can be deduced resulting in κ ≈ 0.05 µm2.
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r
Figure 6.12: Schematic of polariton relaxation in quantised steps of ∆Er, induced by the pump
potential V . Figure adapted from [127].
Comparing this to the rate given by the linear loss rate times an effective spot area, i.e.
r = γcAeff, the relaxation constant κ is deduced by comparison with the input parameters
given in Ref. [52] of [127]. As the area of the excitation spot is the same for the present
case and in [127], the effective spot area was also assumed to be the same. Further needed
quantities have been obtained from the angle-integrated PL spectra: ∆Er = 1.5 meV and
γc = 1.5 ps−1. This comparison results in a relaxation constant of κ ≈ 0.05 µm2 for
(130 K,−40 meV). Similar values can be deduced from spectra at (10 K,−50 meV) and
(10 K,−30 meV) resulting in κ ≈ 0.03 µm2 and κ ≈ 0.05 µm2, respectively. They are about
three to five times larger compared to κ obtained for GaAs-wires. This large value obtained
for ZnO allows for the observation of these scattering processes despite of the shorter
condensate lifetime compared to the one in GaAs.
6.5 Specific k-Space Distribution
In the following, several characteristic effects emerging in the k-space distribution shown in
Fig. 6.6 at different temperatures and detunings will be explained. There are two opposite
cases: For low temperature and very negative detuning, the formation of a condensate
starts symmetrically at a finite k and −k of the LPB with a corresponding energy Ec. This
emission is supposed to be present for the entire elastic k-circle, but due to the experimental
setup spectra are recorded along a (−k . . . k)-line only (see Sect. 3.3.4 and Fig. 2.14b).
For higher temperatures and less negative detuning spot-like emission is distributed on
dispersionless lines bounded by the LPB dispersion. Superimposed on both cases, emission
from non-condensed polaritons, following the LPB dispersion, is detected (see Sect. 6.5.2).
As an overview, the experimentally obtained distinct k-space distribution is depicted in
a simplified manner in Fig. 6.13. In this schematic also the results from [17–19] are
included. The most important findings are discussed in the following.
6.5.1 Propagation Length of the Condensate
The symmetric formation of the condensate at the edge (k and −k) of the LPB (Fig. 6.6g, h
and d) for low temperature and detuning is caused by ballistically propagating condensate
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Figure 6.13: Simplified overview of the distinct k-space distribution of the condensate emission.
The background gradient from blue to grey symbolises the increasing threshold power. For low ∆
and T the condensate is clearly concentrated on spots on the LPB dispersion (red circles). For the
high ∆ and T it is located spot-like on dispersionless lines in between the LPB dispersion caused
by disorder. For the case in between, the condensate starts at the dispersion, but is observed in the
middle for increasing pump power as illustrated by the two arrows. With increasing T the colour
change from orange to yellow symbolises the more blurred distribution of the condensate over k.
The three dashed dispersions correspond to the findings in Guillet et al. [17], Lu et al. [18] and
Orosz et al. [19].
polaritons. The Fourier image in Fig. 6.6g is strikingly similar to Fig. 1e in [90], the
corresponding effect was also reported in [93, 94, 134]. This propagation effect has been
discussed in detail by Wouters et al. [90] for CdTe-based systems. It arises when the pump
spot size at threshold is smaller than the propagation length of the condensate polaritons.
The strong potential mainly due to the repulsive interactions between excitons in the
reservoir and the already discussed large background potential (see Sect. 6.3) accelerates
the condensate polaritons away from the center of the Gaussian pump spot, where the
density is highest. At outer regions, they are no longer affected by this potential and can
propagate ballistically with the wave vector kmax = k(Ec). In this model, the propagation
length L represents the length (see Eq. 2.74 in Sect. 2.5.2), where the density of the
condensate has decreased to 1/e. The polariton lifetime was taken from the FWHM of the
observed condensate state. The effective mass for the calculation of L was taken from [36],
where it was determined from the curvature of the LPB at k = 0 for the respective detunings
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Figure 6.14: (a) Effective mass of the LP at small k as a function of the detuning for T = 10 K and
T = 290 K for the present MCa [36]. (b) Propagation length calculated from the three images shown
in Fig. 6.6g, h and d and further data sets up to a value of P ≈ 1.2 Pth.
(see Fig. 6.14a). The influence of the change of the effective mass as a function of k on the
propagation length should be negligible, as in the discussed k-range and detuning range
the polaritons have a predominant photonic character.
The maximum value for the propagation length was found for T = 10 K and ∆ =
−50 meV to be L ≈ 7 µm (Fig. 6.6g). For the spectra at (T, ∆) = (10 K,−30 meV) and
(T, ∆) = (70 K,−45 meV), shown in Fig. 6.6h and d, smaller values of L ≈ 3 µm and
L ≈ 5 µm, respectively, have been obtained. These three propagation lengths are shown as
a function of pump power up to P ≈ 1.2 Pth. The slight increase of L with increasing pump
power as shown in Fig. 6.14b is caused by the enhanced laser-pump induced potential,
which is evidenced by the small blue-shift of the condensate emission above threshold.
The decrease of the propagation length with increasing temperature and detuning can be
explained on the one hand by the decrease of the lifetime and increase of meff caused
by a more excitonic character of the polaritons and on the other hand by the decrease
of ∆E. Taking the blue-shift and lifetime from Wertz et al. [134] and applying the same
procedure, values for L in the same order of magnitude are obtained. This fact results from
a trade-off of the larger energy offset generated by the background potential in the present
MC and the higher lifetime, arising from the quite perfect structure in their GaAs-wire MCs.
As mentioned above, L corresponds to the length, where the density of the condensate
has decreased to 1/e. In these GaAs-wire MC, fractions of the condensate are found
to propagate up to 100 µm [135]. Compared to this, the MC presented here is certainly
strongly influenced by disorder so that a smaller expansion of the condensate is expected.
A proof of the real-space distribution was not possible within the frame of this work.
6.5.2 Localisation and Non-Condensed Polaritons
If the pump laser spot is larger than the characteristic propagation length of the condensate
polaritons, they are less accelerated due to the less steep pump potential. In this case,
according to [90], the emission intensity of the condensate should be distributed at Ec
in the entire region within the LPB dispersion. This distribution has its maximum for
k = 0 originating from resting polaritons and decreases towards the edge of the LPB
dispersion (see Fig. 2.14a in Sect. 2.5.2). The spot-like emission in between the LPB
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observed in MCa can be explained by disorder (see Fig. 2.14d), which is certainly present in
MCa as observed in the TEM results of the reference sample. On the one hand, this disorder
causes a deceleration of the condensate, which can, combined with the pump acceleration,
result in a steady-state velocity distribution, resulting in distinct k-values. On the other
hand, it can trap condensate states and therefore lead to interference of the emission from
different spatial positions. Whether the emission from different positions is superimposed
coherently or not, cannot be decided. It is found, that the influence of disorder decreases
with decreasing detuning.
Considering photonic disorder, this may be because the thickness variation of the still
rough cavity layer with respect to the cavity thickness is smaller for a thick cavity layer,
corresponding to positions with more negative detuning. Thus propagation of polaritons
could be observed in this case, whereas for less negative detunings the condensate is found
to be more localised. Studies concerning a theoretical modelling of disorder are difficult,
because strong disorder effects can in principle only be solved numerically [126], which
was not the aim of this work.
As a second possible explanation, electronic disorder caused by excitons localised
at grain boundaries or bound to impurities has to be considered. As these states provide
a large background potential, photonic disorder possibly has no influence on the condensate
polaritons any more, but the bound excitons themselves provide a potential fluctuation
which could result in similar effects. Besides, indications have been found, that the influence
of bound excitons on the polariton eigenstates in MCa is not limited below T ≈ 90 K, which
would be expected considering the binding energy of the D0X. Even at room temperature
coupling to bound excitons seems to be present [36].
Superimposed on the pronounced condensate emission, emission from non-condensed
polaritons is detected. Their experimentally observed behaviour clearly follows the ex-
pectations from theoretical considerations [90]: When the threshold power is quite low,
non-condensed polaritons are tightly following the linear regime dispersion because most
of them are outside of the high-density region which is restricted to the very center of the
Gaussian excitation spot (see Fig. 6.6g). When the threshold power is higher, more and
more non-condensed polaritons are located in regions with different pump power corres-
ponding to the laser profile, which leads to various blue-shifts and therefore effectively
to a broadening of the LPB towards higher energies for small k (see Fig. 6.6d and h and
Fig. 6.2). However, for increasing k respective E, this broadening effect decreases because
non-condensed polaritons with larger k are faster and are therefore spending most of their
lifetime in the outer low-density region of the pump spot. Therefore, with increasing k,
they are more and more restricted to states on the low-power LPB dispersion.
6.6 Summary
The most specific properties of the observed BEC, distinguishing it from the one in ZnO-
based MC in [17, 18], are the observed large blue-shift at threshold and the finding from
the last chapter that bound excitons are likely to be involved in the coupling mechanism
(Sect. 5.1.2.2). The large blue-shift leads to an enhanced energy respective k of the con-
densate states, which could be associated to a ballistic propagation of the condensate. This
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effect was however limited to low temperature and detuning. For higher temperatures and
detunings more and more localisation of the condensate was found, at the beginning closer
to k = 0, then more and more dispersed over all k bounded by the LPB dispersion. The
threshold power is increasing with increasing temperature and detuning. Considering the
estimated exciton reservoir densities from the blue-shift, BECs form at less than one to two
orders of magnitude below the saturation density. The high threshold needed for condens-
ation is ascribed in the present case to excitons, bound to disorder and/or on impurities.
These states have to be filled before condensation can set in and form a large background
potential, which constitues the main contribution for the large blue-shift .
Taking all discussed effects into account, BEC of exciton-polaritons in MCa could
be demonstrated up to T = 250 K. This finding is among the first results having been
published for BEC in ZnO-based systems. For the observation of BEC a strong negative
detuning is favorable, the reason for that is not clear up to now but possibly related to
scattering with LO-phonons. For positive detunings, emission from an electron–hole
plasma was detected, only. For very negative detunings, condensate polaritons propagate
ballistically with propagation lengths of several µm induced by the laser-pump potential
and by the large blue-shift present already at threshold. This blue-shift was found to
be caused predominantly by repulsive excitonic Coulomb interaction, which probably
originates from bound excitons. Very recent experiments on MCa have even shown, that
condensate emission could be detected from an area larger than the excitation spot size.
Finally, efficient relaxation mechanisms between different condensate states have been
observed.
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Summary and Outlook
7.1 Summary
In the frame of this thesis the successful growth of 1D- and 2D-confined ZnO-based
microcavities (MC) by pulsed laser deposition (PLD) has been demonstrated developing
different fabrication strategies. The formation of exciton-polaritons was observed in almost
all of these MC structures. In one of the planar MCs (MCa) the formation of an exciton-
polariton Bose–Einstein condensate could be proven, thus confirming the high quality of
the sample.
The PLD process was successfully controlled such that the desired structural and optical
properties of the MC constituents, i.e. the distributed Bragg reflector (DBR) and the ZnO-
cavity layer, have been achieved. Suitable growth conditions for the two DBR materials
yttria stabilised zirconia and alumina have been obtained, optimising the single layers with
respect to crystallinity and smooth interfaces. For the coating of ZnO nanowires with DBR,
the knowledge gained from the growth optimisation of planar MC structures was applied.
Further the growth of ZnO and MgZnO on sapphire substrates was optimised in order
to find growth conditions for a first MC prototype containing a ZnO/MgZnO quantum
well structure. The deposition of ZnO thin films on 2.5 layer-pair DBR test structures was
investigated in detail in order to deduce suitable growth conditions – substrate temperature
and oxygen background pressure – for bulk ZnO as cavity material. The variation of
the substrate temperature for the growth of ZnO-cavity layers on 2.5 layer-pair DBR
structures revealed, that the quality regarding the crystal structure and electronic properties
(luminescence) increases with increasing temperature at the cost of rougher surfaces.
Therefore, apart from the prototype MC, two major strategies for MC fabrication have
been pursued: On the one hand, amorphous but smooth cavity-material was consecutively
crystallised by an annealing step. On the other hand, rough and polycrystalline ZnO-cavity
layers were smoothed by ion beam bombardment. Furthermore, MC types with either
a QW structure, mesa structures and a large-area MC on a 2" wafer were fabricated. Finally,
2D-confined nanowire MC with homogeneous shell DBR were successfully synthesized.
Due to the high quality of MCa and the detailed knowledge gained already by C. Sturm in
cw-experiments in the frame of his PhD thesis on this sample, it was chosen for a detailed
study of the properties of exciton-polariton BEC, which was carried out in the group
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of Prof. N. Grandjean at EPFL in Switzerland. These measurements have shown the
formation of BEC up to a temperature of 250 K for negative detuning, being one of the first
observations of BEC in ZnO-based MC reported in literature. For positive detuning, only
laser emission from an electron–hole plasma could be detected. At low temperature and
strongly negative detuning ballistic propagation of polaritons could be observed. Towards
higher temperature and increasing detuning effects from disorder have been found, leading
to a reduction of the propagation length.
The main achievements of this work are:
Growth
• Suitable growth conditions for the DBR materials concerning crystallinity and
roughness have been found, the corresponding material DFs have been determined.
• Standard values of about 99.2 % reflectivity at normal incidence have been obtained
for DBRs consisting of 10.5 layer pairs and having an rms roughness of typically
1 nm.
• High reproducibility of a precisely tuned central energy of the DBR stop band
with a tolerance of 15 meV, corresponding to 3 % of the stop band width, has been
achieved by an additional aperture in the growth chamber and by the permanent
ex-situ control of the deposition rate by means of spectroscopic ellipsometry.
• The homogeneity of the central energy was extended to a substrate diameter of 4 cm,
yielding a deviation of only 1 % in this range.
• A technology was developed to achieve a homogeneous coating of freestanding
ZnO-nanowires with shell DBRs. For this, smooth and amorphous DBR layers were
chosen, as the crystallinity is not crucial for the functionality of a DBR.
• Circular mesas of (3−4) nm in height have been structured onto the ZnO-cavity layer
by photolithography and wet chemical etching, in order to form traps for polaritons.
• The application of an annealing step, to improve the electronic properties of an
amorphous cavity layer, yielded a ZnO-cavity layer containing grains of about 70 nm
in diameter. As the interface between ZnO-layer and YSZ-capping layer was not
deteriorated by this step, quality factors of up to 1000 have been achieved in this MC
type.
• Ion-beam smoothing proved to be an effective technique to reduce the surface
roughness of the ZnO-cavity layer by a factor of four without destruction of the bulk
layer underneath. In this intentionally rough ZnO-cavity layer with good electronic
properties the grains are only slightly larger than the ones obtained by the annealing
strategy.
Light–matter interaction
• Strong coupling could be demonstrated in MCp up to the temperature of 410 K despite
the large surface roughness of the ZnO-cavity layer.
• An influence of bound excitons was observed in MCa and a coupling strength with
the bound states of about 5 meV was determined.
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• The high quality regarding the electronic properties in MCs leads to the formation
of a lower polariton branch (LPB) and two more middle polariton branches (MPB).
One of these MPB could be attributed to strong coupling with polarons.
• In the mesa MCs, two LPB at different energies corresponding to the etched and
unetched ZnO-cavity thicknesses have been observed. µ-PL investigations have
shown first hints for an enhancement of the LPB emission in a mesa with 10 µm in
diameter. Additionally, hints for capture of polaritons in a mesa in MCm2 have been
found.
• The growth of a large-area MC sample with an intentionally wedge-shaped ZnO-
cavity layer on a 2" sapphire wafer yielded a shift of the LPB emission over three
orders in the mode number of the corresponding cavity photon mode.
• The high potential of the nanowire MC – i.e. the high crystal quality of the ZnO core
nanowires together with a reduced mode volume – was shown by PL investigations
on MCn, indicating a higher coupling strength compared to the presented planar MC
by a factor of two.
Bose–Einstein condensation
• BEC of exciton-polaritons in MCa could be demonstrated up to T = 250 K. The
threshold was found to increase as a function of increasing temperature and detuning.
• For the observation of a BEC a negative detuning is mandatory, where the optimum
detuning is determined by the relaxation of polaritons probably mediated by scatter-
ing with LO-phonons.
• For positive detuning or at high pump powers, laser emission from an electron–hole
plasma was detected.
• Investigation of the k-space distribution of the condensate yielded two different
regimes. For low temperatures and a very negative detuning, the ballistic propagation
length of the condensate polaritons is larger than the pump spot. The condensate is
therefore situated spot-like exactly on the dispersion of the LPB. For higher temper-
atures and less negative detuning, the condensate is distributed on lines bounded by
the LPB dispersion.
• Localised states were found to cause a large repulsive background potential and
therefore a larger blue-shift of the condensate compared to common (clean) MCs.
The density of these states was estimated to be an order of magnitude below the
saturation density. They are probably the origin of the observed disorder effects.
7.2 Outlook
For completeness, the direct proof of a BEC should be given. For this, techniques such as
real space imaging, correlation measurements by interferometry, photon statistics, and the
investigation of the condensate dynamics by time-resolved measurements are of utmost
importance and interest. Further, the investigation of propagating condensates, superfluid
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states and finally also the formation of vortices are interesting topics. In order to achieve
this, even more advanced growth strategies have to be developed.
A further goal is the condensation of exciton-polaritons above room temperature. In
MCa the available detuning range limited the access to a sufficiently large negative detuning,
which could be the reason why BEC at RT was not observed. However, also an insufficient
electronic quality of the ZnO-cavity layer at higher temperatures could be responsible.
In order to reach BEC at higher temperatures, samples with a larger negative detuning
should be investigated, with the additional aim to gain detailed understanding of the role
of LO-phonons which probably mediate the relaxation of polaritons into the ground state
in a very efficient way. Furthermore, the growth process for high-quality cavity layers may
still be improved, the largest potential lying in the application of a flip-chip top–down
technique yielding epitaxial material on lattice-matched substrates. Particularly for QWs as
active material this strategy is essential, but it would also lead to a significant improvement
of bulk MC.
Another generally interesting issue is the localisation of the condensate, which can be
caused by photonic disorder. This disorder could be designed either by the development of
growth processes to influence the grain size or to introduce artificial disorder like mesa
structures or regular surface patterning. Further, disorder on a small lengthscale could be
induced by laser speckles of the excitation laser, as done in atomic physics. These two
possibilities allow also to study the influence of the disorder length scale on the BEC. The
role of disorder is quite interesting in order to investigate a transition to the Bose glass
phase, as reported theoretically in [136]. But also the probably present strong coupling to
bound, and therefore localised, excitons leads to a localisation of the BEC. The origin for
both lies in the used growth method, as in comparable ZnO-based MC grown by MBE,
strong coupling to or any influence by bound excitons was not observed. The role of
bound excitons could be further elucidated by a controlled doping of the active material
with aluminium, to investigate the coupling mechanism as a function of the density of
the donor bound excitons. The approach to structurise the cavity layer with mesas, i.e.
artificial disorder, should be further pursued in view of the influence of the formed traps
on a polariton condensate. The tunneling of a polariton condensate from one mesa to
a neighboured one would be very interesting.
Finally, more research has to be conducted on the very promising nanowire-MCs,
as the excellent quality of the ZnO-nanowire core could facilitate the propagation of
a BEC. In this context, the growth process has to be further modified, as the long-time
irradiation of several days by the strongly focused excitation laser in the µ-PL setup led to
a gradual degradation of the amorphous shell DBR layers. This problem could perhaps
be solved by a post-annealing step of the sample in order to decrease the broadening of
the near-bandgap electronic transitions in the DBR materials and thus reduce the small
present absorption in the UV. The theoretical modelling of such NW-MC is much more
complex than in the planar counterpart, as here several excitonic modes, including phonon
replica, are coupled to several cavity photon modes. For this, numerical procedures like
finite-difference time-domain and finite-element methods will be necessary.
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